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ABSTRACT 
 
This doctoral thesis develops a system-reliability based approach for designing cold-formed steel 
structures by advanced analysis. Specifically, this doctoral thesis carries out the underpinning 
structural analyses and reliability studies that enable the implementation of the next generation of 
system-based design-by-analysis steel specifications, i.e., specifications that establish a design 
approach where analysis and capacity checks are carried out in a single step.  
The scope of the thesis is on cold-formed steel structures and concerns ultimate limit states only. 
The study begins by developing and validating finite element (FE) models and advanced analyses 
that are capable of accurately predicting the behaviour and system strength of cold-formed steel 
structures. The modelling scheme includes a rational methodology for incorporating frame, 
member and sectional geometric imperfections, the ability to assign semi-rigid behaviour to the 
joints, the flexibility to represent the geometry of complex cross-sections and takes into account 
the detrimental effect of local and distortional buckling while determining the ultimate capacity of 
the structure. It follows the survey and statistical characterisation of the variability of the 
geometric and material parameters affecting the strength of cold-formed structures. 
Based on the collected data and the developed FE models, Monte-Carlo type of simulations are 
performed to determine system strength distributions and statistics of several representative 
frame configurations and failure modes. 
Reliability studies using the first-order reliability method (FORM) are then carried out to derive 
system resistance factors φs corresponding to certain system reliability indices β and representative 
frames are categorised on their structural reliability features. 
The study concludes by establishing guidelines for the design of cold-formed steel structures based 
on the nominal system strength as obtained by advanced analysis and category of structural 
reliability. 
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1. INTRODUCTION 
 
1.1 BACKGROUND 
 
Steel structures are designed on a daily basis by practicing engineers. As per current steel 
specifications, the design process entails two steps: (i) a structural analysis under applied loads 
that produces internal actions such as bending moments and axial forces followed by (ii) design 
safety checks to verify that each member and connection has adequate strength. While the types 
of analysis have changed over the last four decades from hand-analysis to linear and, more 
recently, second-order elastic analysis, the two-step design approach has prevailed for longer than 
a century. 
The conventional steel design method is component-based, i.e., a structural system is treated as a 
set of individual components that have to comply with the design safety checks. System effects 
are reflected in the design only implicitly through the use of effective length factors. However, 
effective length factors cannot accurately predict the complex interactions between members of a 
large structural system nor can they capture the inelastic load redistributions subsequent to first 
yielding [5] and thus, the load-carrying capacity of a steel structural system with even a modest 
structural redundancy can be much larger than what is determined by the design of individual 
members [6-9].  
The component-based approach is a time consuming process because not only capacity checks 
have to be performed for each of the individual components, but also the determination of 
numerous effective length factors for a large structural system may become a lengthy process. 
Furthermore, since the accurate load-deflection response of the overall structural system is not 
traced, the system failure mode may not be predicted correctly. 
Consequently, there are strong economic and safety reasons for developing a system-based design 
method that, by using geometrically and materially non-linear analysis, explicitly takes into 
account the interaction between components and load redistribution after first yielding in 
predicting the overall system capacity and associated failure mode. This type of analysis is referred 
to as Advanced Analysis or, in European terminology, GMNIA. Member and connection failures are 
directly incorporated into advanced analysis and hence, checking member and connection 
capacities to a structural standard becomes unnecessary. 
Further, the change of emphasis from individual member strengths to overall system strength and 
behaviour promotes a more holistic approach and greater innovation in structural design which 
constitutes an incentive for its adoption by professional engineers. 
Currently, the main hurdles that prevent the adoption of system-based design approaches in 
practice are as follows:  
(i) Since computing power is no longer a barrier to the application of advanced analysis, human 
capital investment is now required to incorporate advanced analysis features in the commercial 
software packages used by professional engineers and to provide, under the requirements of such 
analyses, guidance on the modelling of structural systems. 
(ii) Current national design standards do not provide sufficient economic incentives for the 
profession to make a transition towards advanced analysis since, although they allow internal 
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actions to be obtained by advanced analysis, the capacities of members and connections are still 
required to be checked individually to a specification using resistance factors based on the 
individual behaviour of the components. 
(iii) Current national design standards fail to specify unambiguously the nominal model to be used 
in advanced analyses. 
(iv) Current national design standards fail to provide guidelines on how to ensure that an 
appropriate system reliability is achieved when safety checks based on system strength predictions 
are used. Those guidelines should take into account the detrimental effect of geometric and 
material uncertainties to structural reliability. 
 
This doctoral thesis seeks to overcome the aforementioned hurdles. 
 
1.2 AIMS AND SCOPE 
 
The primary aim of this doctoral thesis is to develop the underpinning structural analysis and 
reliability studies that will enable the implementation of the next generation of system-based 
design-by-analysis steel specifications i.e., a design approach where analysis and capacity checks 
are carried out in a single step.  
The focus of this doctoral thesis is on cold-formed steel structures. This type of steel structure is 
characterised by: (i) being prone to local, distortional, member and frame buckling, as well as 
interactions between those buckling modes, (ii) displaying non-negligible post-buckling strength, 
(iii) being influenced by sectional geometric imperfections and (iv) being sensitive to the semi-rigid 
behaviour of joints. Two main groups of cold-formed steel structures are studied – storage rack 
frames and portal frames – and a wide range of frame configurations (regular, irregular, braced, 
unbraced, highly redundant, slightly redundant) are covered. 
 
The specific objectives of this doctoral thesis are: 
(i) to develop and validate finite element (FE) models and advanced analyses that are able to 
accurately predict the behaviour and system strength of actual cold-formed steel structures such 
that they may be used to obtain nominal system strengths and failure modes and derive system 
strength distributions; 
(ii) to establish a rational approach for incorporating the full range of geometric imperfections into 
the analyses – sectional, member and frame imperfections, and to calibrate a procedure to include 
the semi-rigid behaviour of joints in the analysis; 
(iii) to statistically characterise the variability of geometric and material parameters affecting the 
system strength and reliability; 
(iv) to identify the main parameters affecting the system strength and to perform a statistical 
assessment of system strength for representative frame configurations and failure modes 
incorporating the uncertainties identified in step (iii); 
(v) to carry out reliability studies that, based on the system strength statistics obtained from step 
(iv) and available load statistics, are used to derive system resistance factors that ensure an 
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acceptable risk of failure, and to categorise structural systems on the basis of their reliability 
features; 
(vi) to summarise the results from steps (i) to (v) and establish guidelines for the design of cold-
formed steel structures by advanced analysis without recourse to component strength equations of 
a structural design standard. 
 
1.3 SIGNIFICANCE AND INNOVATIONS 
 
The Australian community of practicing engineers is regarded as innovative and preeminent 
worldwide. When published in 1990, Australian Standard AS4100 encouraged the use of the more 
accurate and then recent second-order elastic analysis. The profession quickly realised the 
advantages of second order elastic analysis and software developers soon incorporated such 
analysis in their software packages. Nowadays, the majority of steel structural frames designed in 
Australia are based on second order analysis. It is beyond doubt that Australian professional 
engineers will embrace the system-based design-by-analysis methodology once it is permitted by 
the national steel standards. 
This design methodology will lead to substantial efficiencies in the design process since it waives 
the need for separate component strength checks and hence, saves time. Furthermore, it shifts 
the focus of design from individual components to overall structural behaviour and strength, 
encouraging innovation at system level and increasing the competitiveness of the professions. It 
will also reduce the risk to the population by providing a more uniform reliability of structural steel 
frames. 
The innovation of this doctoral thesis lies in combining state-of-art advanced analysis with a 
probabilistic approach to develop a comprehensive system reliability-based criterion for the design 
of cold-formed steel structures.  
 
1.4 APPROACH AND METHODOLOGY 
 
The study begins with developing finite element (FE) models and calibrating advanced analyses 
capable of reproducing the overall behaviour and strength of cold-formed steel structures under 
applied loads. The commercially available software package Abaqus [10] is employed. The 
numerical results closely match available results from benchmark full-scale tests.  
The model is required to account for sectional instability, effect of joint semi-rigidity, material and 
geometric non-linearity, spread of plasticity and geometric imperfections. 
A survey of the literature follows to identify the statistical features of the parameters affecting the 
overall system behaviour. When such data is not available, engineering judgement is used to 
define sensible assumptions. 
Representative cold-formed steel frames are then conceptualised in order to characterise the 
typical uncertainty inherent in system strength predictions. 
For several representative cold-formed steel frames, a Monte-Carlo technique with Latin-
hypercube sampling is combined with advanced analysis to obtain a quantified measure (fitting 
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distribution, mean and coefficient of variation) of the uncertainty in the system strength due to the 
variability of geometric and material parameters.  
The procedure consists of running advanced analysis in simulations employing sets of randomly 
modelled parameters in order to derive the statistical distribution of the ultimate strength of the 
representative frames. Nominal strengths are also evaluated based on nominal parameters as per 
relevant national standards. 
Subsequently, the first-order reliability method (FORM) or direct Monte-Carlo method types of 
analysis are carried out to determine suitable system resistance factors for different reliability 
levels and different load combinations. 
In the context of system reliability, it is expected that structural systems may be categorised by 
the failure mode. 
 
1.5 THESIS OUTLINE 
 
The doctoral thesis presents the following structure: 
In Chapter 2, a review of the relevant literature on cold-formed steel structures, modelling, 
structural standards and reliability analysis is presented. The chapter begins by describing the 
main features of cold-formed steel structures and the commonly used methods of analysis. 
Previous works on the numerical modelling of the key parameters of cold-formed steel structures 
are then enumerated with a brief description of their main achievements and remarks.  
A summary of the main provisions of the current cold-formed steel standards is provided and 
finally, important concepts of reliability analysis are introduced and explained. 
In Chapter 3, finite element (FE) models and advanced analysis of steel storage rack frames and 
cold-formed steel portal frames are developed in Abaqus [10]. The model is shell-element based 
and thus is able to model sectional instability. Other key parameters including cross-section 
geometry, geometric and material non-linearities, joint stiffness and geometric imperfections are 
also modelled. In particular, a rational methodology to incorporate sectional, member and frame 
geometric imperfections and a joint modelling scheme able to accommodate semi-rigid behaviour 
are presented. 
The FE models and analyses are then validated against the results of full-scale tests which enable 
their use as analysis tools for studies on the behaviour and strength of cold-formed steel 
structures as presented in Chapter 5. 
In Chapter 4, the variability of geometric and material parameters affecting the system strength of 
cold-formed steel structures is quantified based on available published data. The variability of 
material properties is obtained directly from the literature whereas the variability of geometric 
imperfections and fabrication tolerances is derived based on existent measurements from either 
published papers and reports, or manufacturers’ data.  
The variability of joint stiffness implies an initial establishment of the defining parameters of the 
semi-rigid behaviour followed by a statistical assessment of their variation in component tests. 
Probabilistic models for permanent, variable and wind loads are either obtained from the literature 
or from sensible assumptions based on engineering judgement. 
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In Chapter 5, representative storage rack frames and cold-formed steel portal frames with 
characteristic modes of failure are selected and relevant loading scenarios are considered. For each 
representative frame, nominal system strengths are obtained and sensitivity analyses are 
performed to assess the influence of system parameters in the respective system strength. Monte-
Carlo types of simulation follow to derive the statistical parameters of the system strength (fitting 
distribution, mean and coefficient of variation). 
In Chapter 6, a rational format for the design-by-analysis strength check is defined and reliability 
analyses are carried out to obtain system resistance factors for different levels of system 
reliability. The first-order reliability method (FORM) and direct Monte-Carlo method are employed 
depending on the load combination. The effects of model uncertainty and different nominal models 
are also analysed. 
In Chapter 7, two detailed examples of the new system-based design methodology are presented. 
The structural solution displays the potential of the new design approach in a performance-based 
context and the economical benefits derived when compared with a traditional design solution. 
In Chapter 8, conclusions on the results of this doctoral thesis are drawn and recommendations for 
future research are provided. 
The Appendices present either additional information or detailed/specific results that would have 
disrupted thel flow of the thesis if included in the main body. Notably, the appendices present an 
initial study on the behaviour and design of T-section columns under concentrically applied load, 
database of collected joint stiffness parameters, full results of system strength simulations, code of 
the developed Matlab and Python scripts and further reliability results. 
 
1.6 PUBLICATIONS 
 
The following published or submitted journal papers, conference papers and research reports are 
based on the research presented in this doctoral thesis. 
 
1.6.1 Journal papers 
 
F. Sena Cardoso and K. J. R. Rasmussen, Behaviour and Design of Concentrically Loaded T-
section Steel Columns, Journal of Structural Engineering (ASCE), 140 (7), July 2014. 
 
F. Sena Cardoso and K. J. R. Rasmussen, FE modelling of storage rack frames, Applied Mechanics 
and Materials, Vol. 553 (2014) – Special Issue on the First Australasian Conference on 
Computational Mechanics, ACCM2013, pp. 631-636. 3-4 October 2013. Sydney, Australia. 
 
F. Sena Cardoso, K. J. R. Rasmussen, Finite Element Modelling of Steel Storage Rack Frames, 
Journal of Constructional Steel Research, (Submitted). 
 
F. Sena Cardoso, K. J. R. Rasmussen and H. Zhang, System Reliability-based Criteria for the 
Design of Steel Storage Rack Frames by Advanced Analysis: Part I – Statistical Characterisation of 
System Strength and Reliability Analyses , Journal of Structural Engineering (ASCE), (Submitted). 
1. Introduction 
 6  
 
F. Sena Cardoso, K. J. R. Rasmussen and H. Zhang, System Reliability-based Criteria for the 
Design of Steel Storage Rack Frames by Advanced Analysis: Part II – Effect of Nominal Models and 
Model Uncertainty on Reliability Analyses and Design Examples , Journal of Structural Engineering 
(ASCE), (Submitted). 
 
F. Sena Cardoso, K. J. R. Rasmussen and H. Zhang, Finite Element Modelling and Statistical 
Characterisation of the System Strength of Cold-formed Steel Portal Frames, Journal of 
Constructional Steel Research, (Submitted). 
 
F. Sena Cardoso, K. J. R. Rasmussen and H. Zhang, System Reliability-based Criteria for the 
Design of Cold-Formed Steel Portal Frames by Advanced Analysis, Journal of Structural 
Engineering (ASCE), (Submitted). 
 
1.6.2 Conference papers 
 
F. Sena Cardoso and K. J. R. Rasmussen, On the strength of T-section columns, Research 
Application in Structural Engineering, Mechanics and Computation – Proceedings of the 5th 
International Conference on Structural Engineering, Mechanics, and Computation, SEMC2013, 
pp.1297-1302 (2013). 2-4 September 2013. Cape Town, South Africa. 
 
F. Sena Cardoso, K. J. R. Rasmussen and H. Zhang, System Reliability-based Criteria for the 
Design of Cold-Formed Steel Portal Frames by Advanced Analysis, Eighth International 
Conference on Advances in Steel Structures (ICASS2015), July 22-24, 2015. Lisbon, Portugal 
(Submitted). 
 
F. Sena Cardoso, K. J. R. Rasmussen and H. Zhang, System Reliability-based Criteria for the 
Design of Storage Rack Frames by Advanced Analysis, Ninth European Solid Mechanics 
Conference (ESMC2015), July 6-10, 2015. Leganés-Madrid, Spain (Submitted). 
 
1.6.3 Research reports 
 
F. Sena Cardoso, K.J.R. Rasmussen, Research Report No. 933 - The behaviour and design of 
concentrically loaded T-section steel columns, in, School of Civil Engineering, The University of 
Sydney, Sydney, Australia, 2013. 
 
F. Sena Cardoso, K. J. R. Rasmussen and H. Zhang, System Reliability-based Criteria for the 
Design of Cold-Formed Steel Structures by Advanced Analysis, in, School of Civil Engineering, The 
University of Sydney, Sydney, Australia, 2015, (Submitted). 
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2. LITERATURE REVIEW 
 
2.1 GENERAL REMARKS 
 
Within steel construction, two main types of structural members may be identified. The first type 
includes hot-rolled shapes and members built-up of plates while the second type includes cold-
formed members obtained from roll-forming, press-braking and bending-brake operations in steel 
sheets, strips, plates or flat bars. 
The thickness of steel sheets or strips generally used in cold-formed steel structural members 
ranges from 0.4 mm to 6.4 mm. Steel plates and bars with thicknesses up to 25 mm can also be 
successfully cold-formed into structural shapes [11]. The mass-produced cold-formed products 
have yielding stresses within the range of 250 to 600 MPa, ultimate stresses within the range of 
300 to 720 MPa and ratios between ultimate and yielding stresses between 1.1 and 1.9 [1]. The 
current trend points to the use of higher quality steels with yielding stresses that can reach more 
than 1000 MPa. 
Cold-formed members can be classified in two major types: long profile (individual structural 
framing) and panels/decks [12]. 
Long profiles are elements with straight axis and uniform cross-section, mainly used in structural 
frames. The geometry of the cross-section is often conditioned by specific requirements of the 
intended application which, adding the uncomplicated fabrication process, leads to a wide range of 
shapes and dimensions as per Figure 2-1. Nevertheless, the most usual shapes are channels (C-
sections, U-sections), Z-sections, angles, hat sections, tubular sections and variations of the 
aforementioned ones. Their major function is to carry load and as such,  structural strength and 
stiffness are the main considerations in design. 
Panels and decks are profiled sheets where the medium surface is, generally, polygonal or 
smoothly curved. They are used for roofing, flooring, wall cladding and load bearing deck panels. 
Apart from the structural function of carrying loads, steel sheeting provides a surface that may 
work as cladding, formwork and/or aesthetic sheathing. 
The main advantages of cold-formed steel structural members, compared with hot-rolled shapes, 
are (i) unusual cross-section configurations can be economically produced leading to high ratios 
strength/weight, stiffness/weight and a significant structural optimisation, (ii) they can be 
manufactured with smaller dimensions than the accepted minimum ones of the hot-rolled and with 
shorter lengths making them suitable for lighter loads, (iii) nestable sections can be produced 
allowing compact packing and shipping, (iv) ease of prefabrication, mass production and, 
subsequent, fast and easy assembly in the construction site, (v) load-carrying panels and decks 
withstand loads normal to their surface and act as shear diaphragms in their own plane provided 
that they are adequately connected to each other and other supporting members. Compared with 
other materials such as timber and concrete, the following qualities may be listed: (i) lightness, (ii) 
high strength and stiffness, (iii) ease of prefabrication and mass production, (iv) fast and easy 
erection and installation, (v) substantial elimination of delays due to weather, (vi) more accurate 
detailing, (vii) non-shrinking and non-creeping at ambient temperature, (viii) uniform quality, (ix) 
economy in transportation and handling, (x) durability (considering protective layers), (xi) 
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reusable and recycling aptitude, (xii) easy accommodation of services/ducts [1, 11, 12]. 
 
 
Figure 2-1 – Variety of cold-formed cross-sections [1] 
 
Within the construction industry, cold-formed steel structural members have many applications 
and, due to their innovative nature, the number of applications is likely to increase in the near 
future. The most common applications are listed below [13-16]. 
1] Frame systems – Low-rise to mid-rise frames for industrial, commercial, residential and rural 
uses can be totally executed with cold-formed steel members both as primary elements – beams, 
columns - and secondary elements – purlins, girts, joists, studs, bracings. The roof and wall 
sheathing may also be assured by cold-formed sheets and panels. 
2] Sub-systems in metal buildings – In metal buildings, cold-formed steel members are mainly 
used as secondary elements – purlins, girts, sheeting. However pure frameless stressed-skin 
buildings have been developed for residential purposes. Using cold-formed steel members in 
cassette or sandwich wall systems and floor systems (bearer- and joist-based or as decking in 
composite construction) is also quite common. Prefabrication techniques include modular 
components that go as far as complete hotel rooms. 
3] Plane and space trusses – Trussed systems either for ceiling solutions or towers can be 
composed of cold-formed steel members. The shapes most commonly employed are circular or 
rectangular hollow sections, C-sections, Z-sections and angles. 
4] Racks – Cold-formed steel storage racks are remarkably efficient and flexible structures that 
have long used novel cross-sections and connections in their design. 
5] Signs and billboards – Light structural systems typically made of hollow-sections or C-sections. 
6] Sheet-pile walls – Transient or permanent retaining wall solutions of cold-formed sheeting are 
commonly used in geotechnical works. 
7] Silos – Shallow profile sheeting stiffened by hat or channel sections make up an effective 
solution for silo walls. 
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2.2 BACKGROUND 
 
The use of cold-formed members in the building construction is reported to have started around 
1850s in both United States and United Kingdom [11]. The main single event that 
enabled/propelled the advent of cold-formed steel members was the introduction of mild steel 
during the nineteenth century. Mild steel induced the manufacturing of large thin plates of a strong 
ductile material where cold-formed techniques could be employed to develop members with 
efficient cross-sections and where connections could be easily made through riveting or bolting. 
 
  
a) b) 
Figure 2-2 – Examples of cold-formed steel structures: a) portal frame and b) rack frame. 
 
Despite the referred promising features, cold-formed steel had to wait for a period of steel 
shortage due to the Second World War to start becoming widely used in buildings [17]. One of the 
reasons that might have justified this delay was the lack of understanding of the structural 
behaviour of cold-formed steel members (and, in a broader view, thin-walled members). Thus, in 
order to overcome that difficulty, American Iron and Steel Institute (AISI) decided in 1939 to 
sponsor research on the cold-formed steel field at Cornell University under the direction of Prof. 
George Winter, which led to issuing the first edition of “Specification for the Design of Cold-Formed 
Steel Structural Members” in 1946 [18]. In 1961, United Kingdom modified its “British Steel 
Standard” by including provisions to the design of cold-formed members in the Addendum No. 1 
[19], although a earlier version of the proposed provisions had already been published in 1951 
[20]. The 1970s and 1980's saw an upsurge of interest in the field all over Europe resulting on the 
publication of “European Recommendations of Light Gauge Steel Members” [21] and the “Eurocode 
3 – Design of steel structures – Part 1-3: General rules – Supplementary rules for cold-formed 
members and sheeting” [22]. In Australia, the Australian Standard for the design of cold-formed 
steel structures was first published in 1974 [23] and it was roughly an adaptation from the 
American Specification with a few additional modifications to the beam and column design curves 
[14]. 
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2.3 TYPES OF COLD-FORMING 
 
There are two major types of cold-forming methods available [1, 2, 11, 14]: 
1] Cold roll-forming - Method suitable for large scale productions due to high initial tooling costs 
that are smoothed by the subsequent low labour content. Sections made from strips up to 900 mm 
wide and from coils more that 900 m long can be produced most economically through this 
method. The machine used in cold roll-forming consists of pairs of rolls (minimum of 6 to a 
maximum of 15) sequentially placed according to the shape evolution that fold the steel sheet 
while it is being pulled as per Figure 2-3. The speed of the rolling process ranges from 6 to 100 
m/min with a standard common value of 30 m/min. At the end of the process, the completed 
section is usually cut to required lengths by an automatic cutoff tool without stopping the machine. 
Modern rolling lanes are generally computer-controlled and therefore highly accurate complex 
shapes of precise lengths can be achieved. Holes, perforations and slots can be punched in precise 
positions during the rolling process and end plates can be formed during the cutoff operations. The 
rolling of transverse stiffeners of the web is also available. And, even more complex sectional 
shapes can be produced with the fairly new welding technology by high frequency where different 
individual parts are formed and assembled in a single operation [15]. 
 
 
Figure 2-3 – Side-by-side rolls [2]. 
 
2] Press-braking – Method suitable for either low-scale productions or when the intended cross-
section is quite simple. The equipment used in press brake operations consists of a moving top 
beam and a stationary bottom bed on which the dies applicable to the required product are 
mounted. The speed of production does not exceed 60 m/min. Simple sections such as angles, C-
sections, Z-sections are formed by press brake operations from sheet, strip, plate or bar in no 
more than two steps. More complex shapes (with a large number of folds) are labour intensive due 
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all required plate movements. An important limitation is the difficulty in manufacturing continuous 
lengths over 5 m. 
 
Cold-forming methods affect significantly the mechanical properties of the source steel increasing 
both the yielding and failure stress and decreasing the ductility of the steel. That is due the 
process of plate/sheet folding that induces residual stresses improving the strength of a certain 
zone. The ratio between yielding stress before and after cold-forming may reach 1.4 in the corners 
and 1.05-1.10 in average. This variation in the mechanical properties is function of the method, 
number and radius of the folds, thickness and type of source steel (mild, stainless,...). 
 
2.4 CONSIDERATIONS ON COLD-FORMED STEEL 
 
When compared with hot-rolled steel members, cold-formed steel members are characterised by: 
(i) Constant thickness through the cross-section; 
(ii) Typical cross-sections are singly-symmetric and asymmetric; 
(iii) Typical cross-sections are open and unbranched; 
(iv) High slenderness values for the cross-section walls (ratio width/thickness); 
(v) Geometric imperfections with the same magnitude of the cross-section thickness; 
(vi) Presence of stiffeners all over the cross-section (web stiffeners, edge stiffeners, lips); 
(vii) Existence of holes, perforations and slots in the cross-section. 
 
Cold-formed steel members are almost always thin-walled elements and, therefore, their structural 
behaviour is affected by certain phenomena that are absent or not relevant in hot-rolled steel 
members. Some of those special features are listed below: 
1] Highly susceptible to torsional deformation due to (i) low stiffness of open thin-walled cross-
section members to that mode of deformation and (ii) shear centre not coincident with the section 
centroid; 
2] Warping phenomenon strongly affects the resistant capacity of open thin-walled cross-section 
members subject to torsion; 
3] Prone to local, distortional and global bucking, and combinations of the aforementioned  modes 
due to (i) high plate slenderness of the walls constituting the cross-section and (ii) low torsional 
stiffness of the cross-sections; 
4] Strength and stiffness sensitivity to geometric imperfections; 
5] Modes of failure of the connections differ from the ones present in thicker counterparts; 
6] Points of concentrated loads and supports may cause web crippling failures due to (i) high 
depth/thickness ratios of the webs, (ii) not practical to assemble load bearing (transversal) 
stiffeners and (iii) use of inclined webs instead of vertical ones. 
As a consequence, the analysis and design of cold-formed steel structures is more demanding than 
other structural elements and the main complexity is associated with the buckling behaviour. 
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2.5 BUCKLING AND POST-BUCKLING BEHAVIOUR OF COLD-FORMED STEEL 
MEMBERS 
 
Sectional buckling tends to present a large post-buckling capacity, member bucking tends to 
present a reasonable post-buckling capacity and frame buckling tends to present an almost 
negligible post-buckling capacity. The following subsections details on each buckling mode. 
 
2.5.1 Local Buckling 
 
A local buckling deformed shape is characterised by plate flexure alone without transverse 
deformation of the line or lines of intersection of adjoining plates. Half-wavelengths are short, and 
equal to less than the width of the compression plate element [24]. 
The tendency of thin-walled structural members to develop local buckling (also referred as plate 
buckling) prior to yielding is well known and may reach extreme cases where the local buckling 
stress is on the order of one hundredth of the yielding limit. However, it is also well known that 
such members will not necessarily fail when their buckling stresses occur and, quite often, they will 
continue carrying increasing loads in excess of the value at which local buckling first appears. The 
main reason for the post-buckling behaviour of thin-walled members is because the deflected 
shape of the plate cannot be developed from the pre-buckled configuration without some 
redistribution of in-plane stresses within the plate element [25]. 
In order to remain competitive, cold-formed steel design has to take into account this elastic local 
post-buckling capacity and standards address that issue through provisions like the effective width 
approach. In this approach, the large local buckling displacements in plate elements in areas far 
from corners are assumed to render these areas incapable of resisting compression and all 
compressive load is redistributed and resisted by effective portions adjacent to the corners [17]. 
Most design specifications consider modifications of the following expression in order to obtain the 
effective width, 
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where be is the effective width of the element, b is the actual width of the element, σcr is the 
elastic critical stress to cause local buckling and σ is the stress on the effective parts. The critical 
stress to cause local buckling in an element depends on the member geometry and the type of 
section. The elastic local buckling stress for an element is given by the von Karman formula: 
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where K is the buckling coefficient, E is Young’s modulus, ν is Poisson’s ratio and t is the thickness 
of the element. It is important to note that K should take into account the influence of the 
remaining elements – walls – of the cross-section and is, in general, hard to obtain in a closed 
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form solution. Despite the remarkable work developed by several researchers during the 1950’s 
and 1960’s [26, 27] to obtain expression and tables for the calculation of this buckling coefficient, 
standards avoided this problem stipulating for each boundary condition an estimation of K that 
often leads to different values of the local buckling stress for each element and thus does not 
return the true (and only) value of the local buckling stress. 
Non-linear post-buckling strength was first detected experimentally in tests performed by 
Schuman and Back [28]. Von Karman took interest in this topic and proposed some equations that 
may be considered the first version of the ones associated with the effective width approach [29]. 
A few years later, Marguerre adapted von Karman’s work to include the effect of imperfections on 
the post-buckling strength [30]. During the 1960s and 1970s, the topic attracted the interest of 
several researchers and a few approximate solutions were developed by using either finite 
differences [31], perturbation methods [32] and principles of minimum potential energy [33, 34]. 
For further details an extensive review was written by Fok and Murray [35]. 
 
2.5.2 Distortional Buckling 
 
As a response to the weak behaviour of thin-walled members due local buckling, edge and 
intermediate stiffeners were incorporated into the cross-section in order to increase the 
effectiveness of the compression plate elements. Though the local buckling behaviour was 
improved by the presence of stiffeners, it also led to the appearance of a new relevant buckling 
phenomenon commonly known as distortional buckling. 
Distortional buckling deformed shape is characterized by, as the name suggests, a distortion of the 
cross-section meaning a rotation of the flange at the flange/web junction in members with edge 
stiffeners or, in elements with intermediate stiffeners, a displacement of the intermediate stiffener 
normal to the plane of the element [36]. The natural half-wavelength of distortional buckling is 
generally intermediate between the half-wavelengths of local and global mode and around three to 
six times the natural half-wavelength of local modes. 
Although the elastic distortional post-buckling behaviour is stable, the in-plane deformations can 
induce substantial membrane stresses and rapidly produce yield and failure of the stiffeners 
triggering a rapid failure of the member.  
Several early papers (from the 1950s and 1960s) recognized the mode now known as distortional 
buckling but they considered it too complicated to predict analytically. During the 1970s, several 
researchers tried to avoid the problem preventing it experimentally by, for instance, placing straps 
across the flanges [37] but in 1977, Desmond developed an analytical method for predicting the 
distortional buckling that would later be the basis for the AISI approach to the problem [38]. 
Sridharan called it a local-torsional mode and analysed it theoretically using a finite strip post-
buckling analysis and perturbation theory [39]. He also demonstrated that soon after the 
distortional buckling, yielding occurs in the lip and, as a consequence, the collapse of the member 
is hastened due the yielding of one of main sources of member stiffness. 
From the middle 1980s to nowadays, a wide interest on the topic has been propelled all over the 
world; deserving special reference are the research works at The University of Sydney [40-43], 
Cornell University [44, 45], Johns Hopkins University [46] and The Technical University of Lisbon 
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[47-51]. The main focus of their research is to develop conceptual and analytical methods for 
obtaining a more accurate prediction of the distortional buckling behaviour and assess its post-
buckling capacity. Conclusions challenged the early Sridharan’s idea and, despite presenting a 
lower post-buckling capacity than local buckling, distortional post-buckling strength is still quite 
substantial. 
 
2.5.3 Member buckling 
 
Member or global buckling includes Euler (flexural) and flexural-torsional buckling of columns and 
lateral-torsional buckling of beams. It is characterized by a rigid-body displacement of the cross-
section without any distortion associated. Long natural half-wavelengths, in the order of magnitude 
of the length of the member, are associated with these buckling modes. 
For a column of general shape under the action of an axial load applied through the centroid, the 
overall buckling load P is given by the following expression: 
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Where Px and Py are the flexural buckling loads about the x and y principal axes, respectively, PT is 
the torsional buckling load, r0 is the polar radius of gyration about the shear centre, and xo and yo 
are the coordinates of the shear centre about the centroid as given below, 
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In the above equations, Ix and Iy are the second moment of area about the x and y axes, Iw is the 
warping constant, J is the torsion constant, G is the shear modulus, rx and ry are the radius of 
gyration about x and y axes and Li are the effective lengths regarding each buckling axis. 
From equation 2-3 it may be observed that for doubly symmetric sections in which shear centre 
and centroid coincide - both x0 and y0 are zero - the expression is satisfied if the overall buckling 
load is equal to any of the individual flexural or torsional buckling loads. In other words, the 
behaviour is either purely flexural or purely torsional. If the section is singly symmetric, one of the 
coordinates of the shear centre is zero and the overall buckling mode results equal either to a 
purely flexural mode (about the non-symmetry axis) or to a balanced –flexural-torsional mode 
(about the symmetry axis). 
Lateral buckling in beams is the equivalent to flexural-torsional buckling in columns. In the 
common case, a beam bent about its major axis suddenly experiences bending about the minor 
axis with a degree of twisting also occurring. The global buckling modes were well researched by 
Timoshenko [52], Vlasov [53] and Trahair [54] and they showed that only limited post-buckling 
capacity may be expected from this type of buckling. 
 
2.5.4 Buckling mode interaction 
 
Each of the three aforementioned categories of buckling is capable of mutual interaction. For given 
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geometric properties of the cross-section, buckling modes depend on the buckling length giving 
origin to what is called the ‘signature curve’ of cross-sections as per Figure 2-4 – an expression 
popularised by Hancock [55]. For shorter lengths, local and distortional buckling modes are 
dominant while for longer lengths global buckling modes prevail. Lengths in between the different 
types of buckling present a shared dominance of two or more buckling modes. 
 
 
Figure 2-4 – Signature curve of a channel cross-section. 
 
The effect of the interaction between local/distortional and global modes consists in increasing the 
sensitivity to geometric imperfections and causing the erosion of theoretical buckling strength 
[56]. Regarding the local-distortional buckling interaction, a combined local and distortional 
buckling mode arises at a slightly lower load than in the absence of interaction.  
The interaction of local and global buckling has attracted the interest of researchers over the past 
40 years and several approaches to the analysis of this problem were developed and a number of 
methods have been proposed for design purposes [57-59]. Standards have generally adapted 
variations of calibrated Ayrton-Perry formulas to effective cross-sections in order to take into 
account local-global interaction and additional factors like global and local geometric imperfections, 
residual stresses, etc. 
Methods for taking into account interaction between global and distortional buckling modes are 
beginning to be adopted by the standards with particular relevance to the cold-formed steel ones. 
Nowadays, many design procedures allow more rigorous computational methods and the current 
trend is to make use of those tools to take into account buckling interaction in design. As 
examples, it is possible to highlight the Direct Strength Method [42, 60-70] which is a design 
methodology, and Finite Strip Method [71-78] or Generalised Beam Theory [47, 50, 79-84] that 
are analysis methodologies. 
 
2.6 METHODS OF ANALYSIS 
 
Despite the occasional appearance of ingenious alternatives from time to time, almost all modern 
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forms of structural analysis are typically variants of the matrix stiffness approach first adopted by 
Livesley [85]. The matrix stiffness method describes the response of the structure through a series 
of simultaneous equations relating the applied load to deformations [86]. Depending on the 
assumptions regarding the material behaviour – elastic or inelastic - and geometrical linearity – 
linear or non-linear - four main categories of analyses may be identified as per Figure 2-5: 
(i) First-order elastic analysis – Individual members are assumed to remain in the elastic range 
i.e., material behaviour follows a linear stress-strain relation – Hooke’s law – under the loading 
cases associated with all limit states. The analysis does not take into account the effects of the 
loading in the structure and, therefore, is performed in the undeformed geometry. This is the most 
basic type of analyses and does not take into account structural stability. 
(ii) Second-order elastic analysis – Individual members are still assumed to remain in the elastic 
range but the effects of loading are taken into account and equilibrium is formulated on the 
deformed geometry.  
(iii) First-order inelastic analysis – Material non-linearity is taken into account in the analysis but 
equilibrium is formulated on the undeformed geometry of the structure. 
(iv) Second-order inelastic analysis – Analysis that takes into account both material and geometric 
non-linearities. Changes in the structure stiffness are considered due to (i) deformation and (ii) 
material mechanical variations (softening, hardening, yielding, failure, etc). The most precise 
predictions of the structural behaviour and strength are obtained through this type of analysis. 
 
 
Figure 2-5 – Methods of structural analysis. 
 
Naturally, more complex analyses not only demand more powerful computational tools but also 
increase the sensitivity of the results to incorrect assumptions. For this reason, the ultimate 
responsibility for selecting the type of analysis employed in each case should be that of the 
structural engineer. One of the main aims of this project is to provide guidelines that will enable 
the design through a second-order inelastic method known as Advanced Analysis. 
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2.6.1 ADVANCED ANALYSIS 
 
The traditional process of designing structures entails two distinct stages, an analysis which 
produces internal actions like moments and axial forces and a set of displacements, followed by a 
design check to verify that each member and connection complies with the structural standard 
requirements. Even with the advent of more powerful computational tools, these were only 
employed to produce more accurate analysis still leaving the need of individual member and 
connection verifications to the structural standard. The disadvantages associated with design 
procedures based on capacity checks of the components have long been recognised: member 
verifications unconcerned with system compatibility and no accurate indication about the failure 
mode or influence in the overall failure mode [9, 87-89]. Even an effective length procedure (also 
known as k-factor procedure) presents the following shortcomings [89]: 
i) Unable to capture accurately the interaction between the structural members and the structural 
system behaviour and strength; 
ii) Unable to reflect the proper inelastic redistributions of internal forces in a structural system; 
iii) Unable to predict the failure modes of a structural system; 
iv) Difficult to implement in an integrated computer design application with the use of alignment 
charts in the k-factor calculation process; 
v) Time-consuming process requiring separate member capacity checks with different k-factors for 
different framed members. 
Second-order inelastic methods which are able to correctly predict the behaviour and strength of 
structures and, therefore, waive the need of separate member checks are known as Advanced 
Analysis methods. The accuracy of Advanced analysis depends on the incorporation of all aspects 
which influence the behaviour of the structural system including (i) geometric imperfections, (ii) 
residual stresses, (iii) inelastic material properties, (iv) geometric second-order effects,  (v) joint 
behaviour, (vi) interaction with the foundations and (vii) loading characteristics (pattern, 
magnitude, history). 
Advanced analyses are deemed to provide more realistic and rational assessments of the 
independent strength and stability of systems and their components creating safer and more 
economical designs [6, 9, 88, 90-93]. Typically, advanced analysis has been limited to compact 
sections, but the first steps to include non-compact sections are being made. 
 
The current version of the Australian Standard AS4100 [
Compact Sections 
94] allows the analysis and design of steel 
frames using advanced analysis without individual member capacity checks but only for frames in 
which the members are constituted of compact cross-sections with full lateral restraint. This 
illustrates where the priority of research over the past few decades was regarding the use of 
advanced analysis in steel structures. The majority of research has focused around the in-plane 
behaviour of frames constituted by compact cross-section members according to two distinct 
directions: the plastic hinge and the plastic zone methods. No information is provided on how to 
achieve the desired reliability level. 
Recently, the American Standard AISC360-10 [95] included provisions in Appendix 1 for the design 
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of structures by advanced analysis (termed design by inelastic analysis in this document) of 
structures composed of hot-rolled steel members. AISC360-10 defines the general requirements of 
the analysis and domain of applicability of the method and, interestingly establishes that strength 
predictions should be based on structural models using 90% of the nominal yield stress and 
Young’s modulus. Commentary to AISC’s Appendix 1 states that “system reliability considerations 
at this time are still a project-by-project exercise and no overall methods have as yet been 
developed for steel building structures” which seems to suggest that the 0.9-factor is mostly based 
on engineering judgement and have not been derived in order to achieve a specific target system 
reliability index. 
Plastic Hinge – Multiple approaches to the plastic hinge method exist but the main principle is 
implicitly incorporating second-order and inelastic effects into a calibrated phenomenological model 
which is later implemented into a computer program by a concentrated plasticity formulation [96]. 
Beam-columns are used to model each member of the frame. A summary on the assumptions 
associated with the second-order plastic hinge analysis was made by King [97]: (i) members 
behave elastically until cross-section plastic strength is achieved at some location along the 
member, (ii) the cross-section behaviour is perfectly plastic once yielding occurs – hinge like, (iii) 
the inelastic behaviour is limited within a point plastic hinge and (iv) members are perfectly elastic 
in all regions where plastic hinges are not formed.  
Early first-order elastic-plastic hinge methods were developed during the 60’s and 70’s based on 
the assumption that all rotation took place at the plastic hinges (zero-length sections) remaining 
the members elastic between hinges [98-101]. Second-order effects were included and matrix 
formulations were developed to enable the usage of computational tools [102, 103]. Despite 
certain interesting results obtained by Ziemain in his doctoral research project [104], neglecting 
several relevant factors/behaviours to the structural strength of a system compromised its 
validation for a wide range of structures [96, 105-107]. 
The hardening plastic hinge method, also referred as modified plastic hinge method, was initially 
developed by King and co-workers [97] and it is based on simple modifications to elastic-plastic 
hinge model by accounting for the degradation in stiffness as the strength of the cross-section is 
approached at critical locations along the member. The main distinctive feature from other plastic 
hinge methods is the assumption that once the plastic hinge is formed, the plastic bending 
moment capacity will remain unchanged despite the increase of axial force which violates the 
plastic strength of the cross-section and leads to unconservative results and therefore it was 
deemed unacceptable. 
The aforementioned authors recognised the flaw and presented an alternative method – beam-
column strength method - based on the same principles but employing the equations for the 
overall member strength rather than expressions for the cross-section strength. However, this 
method tended to underestimate the capacity of the column and was unable to reproduce the 
behaviour of a beam when a member is subjected to pure bending. 
To overcome these issues, King and Chan [108] proposed a refined and extended version of the 
hardening plastic hinge method based on the reduction of the cross-sectional tangent stiffness 
calibrated against the exact moment-curvature and axial force relationship which led to accurate 
load-deflection responses for the small number of analysed cases. 
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Within the family of plastic hinge methods, the one that became more popular was the refined 
plastic hinge method. It was introduced and developed by Liew and co-workers [106, 107] based 
in simple modifications to the second-order elastic plastic hinge method in order to implicitly take 
into account second order and inelastic effects. Second order effects are solved by the use of 
stability functions while gradual yielding, distributed plasticity and instability effects are accounted 
for by the use of two functions: tangent modulus (Et) and flexural stiffness reduction factor (φ). 
Apart from Liew and co-workers, several authors contributed to the validation and extension of the 
refined plastic hinge method: Kim and Chen [109, 110] analysed three approaches for 
incorporating geometric imperfections in planar frames; Liew, Kim and co-workers [111-114] dealt 
with 3D trusses and space frames; Trahair and others [115-117] proposed methodologies to 
incorporate out-of-plane behaviour in the analyses; several other shortcomings have also been 
address by researchers as the incorporation of the semi-rigid connections or base effect [118, 119] 
or improvements in capturing the inelastic beam-column behaviour [120-124]. 
Plastic Zone – This type of analysis is referred as plastic zone analysis and discretises linear 
members into several elements and their cross-section into fibers. The analyses are based on the 
beam-column theory and residual stresses, geometric imperfections, eccentricities and all other 
factors that affect structural strength and stability are explicitly modelled. In comparison with 
plastic-hinge method, plastic zone methods can handle cross-sections with arbitrary shapes, more 
versatile stress-strain relations and residual stresses distributions much more efficiently [96]. 
However, these advantages do not come without a cost and all of this associated complexity 
requires a demanding computational analysis, which prevented the widespread use of plastic zone 
methods for general design. Nevertheless, it is important to highlight the ability of this analysis to 
correctly predict the structural behaviour of frames [97, 106, 125]. It has also been used as a 
benchmark tool to calibrate other simplified methods for use in practical design as plastic hinge 
methods replacing large-scale experiments [90, 91, 96, 106, 122, 124, 126, 127]. 
Early developments in the plastic zone analysis were made during the 60’s and 70’s [128-130]  
which were followed by works to promote its applicability in practice [96, 126, 131-137]. 
Several researchers embraced the task of providing guidelines to the employment of commercial 
finite element analysis software packages as ABAQUS, ANSYS, ADINA, NASTRAN for several types 
of structural systems – 2D frames [138, 139], 3D frames [139, 140], scaffolding systems [141] - 
calibrating them with full-scale test results 
Despite the efforts of the research community, a concentrated plasticity model that predicts 
reliably the detailed coupling of bending, axial and torsional deformations due to partial cross-
section plasticity, the influence of shear stresses due to torsion on the axial and bending behaviour 
and the effects of non-proportional cycling has not been yet achieved and, therefore, stress-space 
constitutive models and numerical integration both over the cross-section and along the length are 
still required for rigorous assessment of three-dimensional inelastic member stability behaviour 
[Nukala and White, 2004]. With the improvement of computational analysis tools, it is expected 
that plastic zone methods will continue to gain preponderance over plastic hinge methods. 
 
Within the scope of advanced analysis of steel structures, the previous section illustrates that a 
Non-Compact Sections 
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large amount of research has been developed in the domain of steel structures composed by 
compact cross-section members. Regarding steel structures composed by non-compact cross-
sections, fewer works have been carried out which may be arguably explained by the complex 
problem that is to predict the behaviour and ultimate capacity of structures made of members 
prone to sectional buckling. 
Similar to what happened for compact cross-sections, both plastic hinge and plastic zone methods 
were developed by researchers.  
In the first group of methods, the following works are acknowledged: 
- Avery and Mahendran [138] proposed a refined plastic hinge method modified to implicitly 
take into account the effect of local buckling. The reduction in section capacity, gradual 
stiffness reduction and hinge softening due local buckling were considered through simple 
equations derived from AS4100 and AISC LRFD specifications. However, the 
aforementioned methodology failed to provide accurate predictions for the behaviour and 
ultimate capacity of frame structures composed of non-compact cross-sections which may 
be explained by the incorporation of the AS4100 and AISC LRFD equations that carry their 
own assumptions and conservative simplifications. 
- Kim and co-workers followed the same principle and proposed modified versions of the 
refined plastic hinge method that took into account local buckling via the practical AISC 
LRFD strength equations for local buckling [113, 142]. The first version developed was 
restrained to two-dimensional frames where lateral-torsional buckling was prevented while 
the second was suitable for three-dimensional frames. The predictions obtained through 
this methodology were naturally more accurate than one not taking into account local 
buckling effects but the authors failed to provide a realistic assessment regarding the real 
behaviour of the frames. 
- Li and co-workers proposed a concentrated plasticity model that takes into account web 
local buckling by affecting the stiffness of the cross-section proportionally to the effective 
width of the element. Once again the predictions obtained through this methodology failed 
to coherently match the full-scale physical tests [143]. 
Despite the efforts endeavoured, no more than a relatively small amount success was achieved by 
these researchers, which may be explained by the inadequacy of using the specifications equations 
- that were calibrated to the specification methodology and assumptions – to implicitly model the 
local buckling effect in advanced analysis. 
Regarding plastic zone methods, fibre element distributed plasticity formulation is not appropriate 
for explicit modelling of local bucking deformations, and hence, two-dimensional shell element 
formulation or three-dimensional solid elements ought to be employed instead. It is generally 
agreed that shell element-based inelastic large displacement analyses can accurately predict the 
behaviour and ultimate capacity of structures suffering local instability provided geometric 
imperfections are incorporated in the analysis [144-146]. The analyses using shell elements are 
based on flow theory of plasticity and several commercial finite element analysis programs such as 
Abaqus, Ansys, Adina, Nastran, Strand7 and OpenSees allow now this feature. Due to their 
capacity of accurately capture the non-linear response of structures, finite element analyses are 
gradually replacing the very expensive and time consuming full-scale physical tests [124, 139]. A 
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brief review of plastic zone analyses for steel structures composed of non-compact sections 
follows. 
At Cornell University, the advanced analysis of cold formed steel structures has been a long-term 
objective of their research. The use of finite element based analyses to simulate the behaviour of 
members, frames and storage racks has been studied as well as the sensitivity of these analyses 
to material properties, adopted finite elements, geometric imperfections and residual stresses [44, 
145-149]. At John Hopkins University, Schafer and his team continue to deal with the topic of finite 
element modelling of cold-formed steel structures performing sensitivity analyses not only to the 
aforementioned aspects but also regarding mesh, solver, plasticity model and implementation 
assumptions [150]. 
At the University of Queensland, the work presented by Kitipornchai, Mahendran and co-workers 
for the advanced analysed of steel structures composed by cold-formed and other non-compact 
section members deserves an important reference. Lucas successfully attempted a shell element-
based analyses for cold-formed purlin-sheeting systems in 1997 [144]. After that first step, 
Mahendran and co-workers carried one analyses at both member [127, 151-153] and 
frame/system levels [138, 154] aiming at predicting the member behaviour and assessing the 
corresponding design provisions. Validations of the shell finite element models were carried on 
against full-scale physical tests. A comprehensive review is presented in [155]. 
The team from Hong Kong Polytechnic University have often developed shell element-based 
analyses to predict the behaviour of cold-formed connections, members and frames. During these 
studies, a special emphasis is given to the calibration of the finite element models with full-scale 
physical tests [93, 156, 157]. 
Gilbert and Rasmussen provided guidelines for the finite element modelling and analysis of steel 
storage racks systems with special consideration for the connection stiffness and non-linear 
behaviour. The results were then validated by comparison with a full-scale test [158]. 
A few more relevant works regarding the advanced analyses of non-compact sections systems are 
listed at component [159-163] and frame level [3, 158, 160, 164, 165]. 
 
2.7 MODELLING OF COLD-FORMED STEEL STRUCTURES 
 
2.7.1 Material properties 
 
There are two general types of stress-strain curves as shown in Figure 2-6. One is of sharp-
yielding type and the other is of gradual-yielding type. 
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a) b) 
Figure 2-6 – Stress-strain curve for steel: a) sharp yielding and b) gradual yielding. 
 
Steels produced by hot-rolling usually display sharp-yielding behaviour i.e., a typical tensile 
coupon makes an abrupt change from elastic to plastic behaviour and yield point is defined by the 
level at which the stress-strain curve becomes horizontal. Steels that are cold-reduced or 
otherwise cold-worked display gradual yielding behaviour i.e., a typical tensile coupon exhibits a 
rounded out transition between the elastic range and plastic range [11]. This softening is due in 
part to residual stresses associated with the roll-forming or press-braking process and, by 
including residual stresses in the model this effect is partly captured [166]. 
According to Yu [11], the capacity of cold-formed steel members has little relationship with the 
post-yielding behaviour of the material and it is typically limited by either yield stress or buckling 
stresses that are less than the yield stress of steel.  
Regarding the modelling of cold-formed steel in finite element analysis, three main options have 
been followed by researchers: (i) using the actual stress-strain results of tensile coupon tests to 
either directly define the material stress-strain curve, or fit a multi-linear or Ramborg-Osgood type 
of curve [3, 56, 164], (ii) using an elastic-perfectly plastic stress-strain model correspondent to 
the virgin steel (prior to cold-form working) with or without strain-hardening [149, 153, 158, 167], 
and (iii) using a stress-strain curve described by a Ramborg-Osgood relations (specially for high-
strength or stainless steels) [168]. 
It is worthwhile to mention Haidarli’s study [159], where the numerical capacity of cold-formed 
steel members was determined based on four different stress-strain models – compound Ramborg-
Osgood, basic Ramborg-Osgood curve until 0.2% of the proof stress followed by a linear relation 
with a slope equal to 2% of the Young’s modulus, basic Ramborg-Osgood curve until 0.2% of the 
proof stress followed by a horizontal plateau and elastic-perfectly plastic – and no considerable 
difference was observed. 
 
2.7.2 Residual stresses and corner strength enhancement 
 
Modelling residual stress aims to represent the effect of the locked-in stresses and strains derived 
from the manufacturing process. Coiling, uncoiling, cold bending to shape, and straightening of the 
formed member lead to a complicated set of initial stresses and strains in the section. Likewise, as 
a result of the manufacturing process, the apparent yield stress of the corners is increased in what 
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is commonly referred to as corner strength enhancement.  
In fact, if all residual stresses and strains that arise from the manufacturing process are included, 
the notions of residual stresses and corner enhancement become the same, and the initial 
conditions of the model more accurately reflect the real member [150]. 
A mechanistic model for prediction of residual stresses and strains was developed by Moen and co-
workers that allows the modeller to include these effects and generate a more accurate set of 
initial conditions [169]. The work illustrates one of the shortcomings of a previous residual stress 
distribution proposed by Schafer and Pekoz [147] where the recommended through-thickness 
linear distribution of residual stresses is not consistent with the mechanics involved in the plastic 
bending of the section. Further, it ignored the transverse residual stresses and all residual strains, 
which is inconsistent when a three-dimensional yield criteria is employed in collapse analysis 
[150]. 
Modelling the actual manufacturing process provides the most direct and robust path to obtain the 
residual stress pattern, but it may be deemed excessive when the true goal is to predict the 
collapse mechanism and strength capacity of a member or system. 
If such an option is not followed, it is important to highlight that residual stresses and corner 
strength enhancement should not be modelled independently from each other. Increasing the yield 
stress in the corner regions of a cold-formed section results in higher strength predictions unless 
the residual stresses arisen from the shape-bending process are also included. Likewise, including 
the residual stresses without the corner strength enhancement effect is also incomplete. Common 
practice consists of ignoring both effects, implicitly assuming that they essentially offset one 
another. 
Regarding the modelling of residual stresses and corner strength enhancement in finite element 
analysis, three main options have been followed by researchers: (i) model the manufacturing 
process which implies that stress-strain curve of virgin or coiled steel is initially assumed, followed 
by the modelling of the actual coiling, uncoiling, roll-forming or press-braking processes [162, 168, 
169], (ii) model residual stresses and corner strength enhancement independently [161] and (iii) 
simply ignore simultaneously both effects which assumes that the favourable effect of corner 
strength enhancement is cancelled by the unfavourable effect of residual stresses [3, 56, 149, 
158, 164, 167, 170]. 
 
2.7.3 Geometric imperfections 
 
Geometric imperfections assume a relevant role in cold-formed members as both ultimate strength 
and post-buckling mechanisms are imperfection sensitive [150]. These imperfections are the 
outcome of the manufacturing process, shipping and storage, and assemblage process.  
Geometric imperfections of a steel structural system are typically categorised in frame 
imperfections (sway-shaped), member imperfections (bow, camber and twist), sectional 
imperfections (shaped as per distortional and local bucking modes) and localised imperfections 
(dents). Further details are provided in Chapters 3 and 4. 
The selection of the magnitude and distribution of geometric imperfections is an ever-present issue 
that analysts face during the modelling stage. Two different principles may be observed: modelling 
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convenience or physical reality.  
If imperfections follow a modelling convenience – most common approach – the distribution is 
typically obtained by either scaling the first buckling mode or a combination of several buckling 
modes to a magnitude that is a function of plate thickness, plate slenderness or member length. 
Depending on the available data and on the purpose, the magnitude may be fitted so that 
predicted strength matches an experimental test or the instabilities under study are triggered. 
Measurements of maximum imperfections may be used as conservative estimation of the 
imperfection magnitude of the relevant buckling mode. 
Modelling imperfections as buckling modes is convenient but not grounded in physical reality. 
Collapse mechanisms do not typically resemble buckling mode shapes and both dents and other 
common localised imperfections are generally ignored when the scaling of buckling modes 
methodology is employed. Several efforts to, based on observed measurements and statistical 
treated data, develop new approaches that are able to realistically simulate imperfection 
distributions and magnitudes [150, 170]. 
Regarding the modelling of geometric imperfections in finite element analysis, two main options 
have been followed by researchers: (i) scaling buckling modes and superimposing them as 
geometric imperfections – this method may use the first buckling mode [171], a combination of 
buckling modes [56, 153, 159, 164, 167, 171] and a combination of buckling modes of a modified 
structure that avoids coupled modes [3, 158] and (ii) shifting the mesh nodes according to the 
desired imperfection shape [56, 159, 161, 164, 170]. 
 
2.7.4 Connections 
 
A wide variety of cold-formed connections is available depending on the geometry of the members, 
the stiffness and ductility requirements, and the function of the structure. Such variety prevents 
the adoption of a single nominal moment-rotation model and design methodologies rely on testing. 
Due to the thin-walled nature of the connecting members, the majority of observed moment-
rotation curves display a semi-rigid behaviour that needs to be taken into account while predicting 
the overall behaviour of the structure. 
Three main groups of connections are considered: bolted, welded and mechanical interlock. 
Connections in storage rack frames are typically materialised by mechanical interlock joints. 
Detailed experimental and numerical campaigns on the stiffness of rack frame connections have 
been carried out [4, 163, 164, 172-176] and the influence of the semi-rigid behaviour on the 
system strength of rack frames has been assessed [4, 164, 173, 177-179]. 
Connections in general cold-formed steel structures are typically materialised by bolted (and 
welded) joints. Detailed experimental and numerical campaigns on the stiffness of such 
connections have been carried out [3, 93, 160, 180-187] and the influence of the semi-rigid 
behaviour on the system strength of structural system has been assessed [3, 93, 160, 185-188]. 
 
 
 
 
2. Literature Review 
 25  
2.8 COLD-FORMED STEEL STANDARDS 
 
Due to their thin-walled nature and manufacturing process, cold-formed steel structures display a 
rather different behaviour than the one presented by hot-rolled steel structures which means that 
certain phenomena with an almost negligible effect in hot-rolled steels gain greater importance in 
the former. These phenomena include a greater susceptibility to semi-rigid behaviour of joints, 
distortional and local buckling triggering structural failures, and the effect of residual stresses due 
to cold-forming work in material stress-strain relation, among others.  
As such, numerous steel national entities were compelled to complement their hot-rolled steel 
specifications with distinct cold-formed steel specifications, such as the Australian Standard 
AS4600 [189], European Standard EN1993-1-3 [190] or American Standard AISI S100 [191]. 
Cold-formed portal frames fall into the category of structures designed according to the 
aforementioned specifications. 
Despite the similarities with other cold-formed steel structures, storage rack frames have a quite 
well-defined purpose with underlying challenges that demand special consideration in the design 
process. For that reason, their design is governed by distinct steel specifications, such as the 
Australian Standard AS4084 [192], European Standards EN15512 [193] and American Standard 
ANSI MH16.1:2012 [194]. 
 
2.8.1 American Standard AISC S100-10 
 
American Standard AISI S100 specifies second-order elastic analysis with reduced axial and 
flexural stiffnesses to determine the internal/forces at the component level.  
Component-based strength equations are provided for each ultimate limit state. Two alternative 
methodologies are stated: (i) column/beam curves with local and distortional buckling being taken 
into account via an effective width type of methodology and (ii) direct strength method where, 
based on the elastic critical buckling stresses of the gross section, overall nominal strengths are 
obtained via calibrated relations. Additionally, design of components by testing is allowed. 
The calibration of the resistance factors for cold-formed steel is detailed on the works of several 
researchers [195-198]. Under gravity loads, the minimum allowed reliability indices are equal to 
2.5 and 3.5 for member and connections failures, respectively, whereas under wind loads, the 
minimum allowed reliability indices are equal to 1.5 and 2.5 for member and connection failures, 
respectively. 
Special reference to the guidelines on advanced analysis [165] provided by the Technical 
Committee on Compression and Flexural Members of the Structural Engineering Institute of ASCE. 
 
2.8.2 Australia Standard AS4600 
 
The format of Australian Standard AS4600 follows the American Standard AISI S100 and the 
majority of technical clauses are identical in both standards.  
Certain clauses related with technical areas not covered by AISI S100 or with the specific 
Australian and New Zealand practice are incorporated or reformulated in AS4600. 
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2.8.3 European Standard EN1993-1-3 
 
Unlike for hot-rolled steel, Eurocode 3 (EN1993-1-3) does not allow a geometrical and material 
non-linear analysis of cold-formed steel structures. Second-order elastic analysis is preferred to 
determine internal forces/moments at the members and connections although first-order analysis 
is accepted under certain circumstances. Only frame imperfections are explicitly modelled in the 
analysis. Strength equations are then specified to assess the safety of the components to each 
limit state.  
Member buckling is considered via column/beam curves whereas local and distortional buckling are 
taken into account via an effective width methodology (local) and reduced thickness methodology 
(distortional) that leads to effective areas and effective moments of area. 
Additionally, design of components by testing is allowed. 
It is worthwhile to note that annex C (informative) of EN1993-1-5 provides guidelines for the 
design of plated components or substructures by FE-methods. Within the developed FE-methods, 
advanced analysis is considered (GMNIA) and it is suggested that ultimate limit states should be 
verified by magnifying the loads by a factor αu sufficient to achieve the required reliability. No 
definitive information is given about αu other than it should be greater than the product of a factor 
α1 taking into account model uncertainty and a factor α2 taking into account the scatter of the 
loading and resistance models. 
 
2.8.4 American Standard ANSI MH16.1:2012 
 
American Standard ANSI MH16.1 adopts the majority of clauses from AISI S100 (cold-formed 
members) and AISC 360-10 (hot-rolled members) with or without specific modifications. Testing 
design procedures are stated. 
 
2.8.5 Australian Standard AS4084 
 
Australian Standard AS4084 incorporates clauses from both EN15512 and ANSI MH16.1:2012 and 
allows for linear (LA), geometric non-linear (GNA) and advanced analysis (GMNIA). If LA and GNA 
analyses are employed, internal forces/moments are required to comply with the strength 
equations as per AS4600.  
A novelty of the standard is that it allows for the design of the structure based on the system 
strength prediction (load-carrying capacity) as obtained from an advanced analysis (GMNIA). The 
system resistance factor used is 0.90, although no system reliability index is specified. Testing 
design procedures are stated as well. 
 
2.8.6 European Standard EN15512 
 
European Standard EN15512 adopts the majority of clauses from EN1993-1-3 (cold-formed 
members) and EN1993-1-1 (hot-rolled members) with or without specific modifications. Testing 
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design procedures are also specified. 
Additionally, EN15512 allows for geometrically and materially non-linear analyses that take into 
account moment redistribution, but still requires component-based strength checks as per 
standard procedure. 
 
2.9 RELIABILITY ANALYSIS 
 
The concept of a limit state is used to help define failure in the context of structural reliability 
analysis. A limit state is a boundary between desired and undesired performance of a structure 
and it is represented mathematically by a limit state function. In structural reliability analysis, 
three types of limit states are considered [199]: (i) Ultimate limit states – mostly related to the 
loss of load-carrying capacity, (ii) serviceability limit states – related to the gradual degradation 
and comfort of the users and may or not be directly related to structural integrity, and (iii) fatigue 
limit states – related to the loss of strength under repeated loads. Within the scope of this thesis, 
ultimate limit states are of interest. 
If R corresponds to the capacity (or resistance) of the structure and Q corresponds to the demand 
(or load) of the structure, a limit state function g may be defined as: 
 
𝑔(𝑅,𝑄) = 𝑅 − 𝑄          [2-5] 
 
such that g<0 corresponds to the failure of the structure (undesired performance) and g>0 
corresponds to a safe structure (desired performance). If R and Q are continuous random variables 
that take into account the uncertainties associated with geometric and material parameters 
affecting the strength of the structure and the unpredictability of loads acting on the structure, 
respectively, the probability of failure (Pf) is given by: 
 Pf = P(g = R − Q < 0) = ∫ FR(qi) ∙ fQ(qi) dqi       [2-6] 
 
where FR represents the cumulative distribution function of the variable R and fQ represents the 
probability density function of variable Q and qi is a specific value of Q. Figure 2-7 illustrates the 
concept of probability of failure in terms of the variables R, Q and R-Q. 
 
 
Figure 2-7 – Structural reliability and probability of failure. 
 
In the domain of structural engineering, ultimate limit states correspond to low values of 
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probability of failure which may be difficult to evaluate. Instead, it is common to use the concept of 
reliability index (β) as a measure of structural reliability. 
Reliability index was first introduced by Hasofer and Lind (1974) and it is generally evaluated as a 
function of means (µ) and standard deviations (σ) of resistance and load. For convenience, random 
variables of resistance and load are converted to their standard form as per equation 2-7 and 2-8. 
 
𝑍𝑅 = 𝑅−𝜇𝑅𝜎𝑅 ⇔ 𝑅 = 𝜇𝑅 + 𝑍𝑅 ∙ 𝜎𝑅        [2-7] 
 
𝑍𝑄 = 𝑄−𝜇𝑄𝜎𝑄 ⇔ 𝑄 = 𝜇𝑄 + 𝑍𝑄 ∙ 𝜎𝑄        [2-8] 
 
The variables ZR and ZQ are called reduced variables. The limit state function g as per equation 2-5 
can then be expressed in terms of the reduced variables as per equation2-9. 
 
𝑔(𝑅,𝑄) = 𝑅 − 𝑄 ⟹ 𝑔�𝑍𝑅,𝑍𝑄� = �𝜇𝑅 − 𝜇𝑄� + 𝑍𝑅 ∙ 𝜎𝑅 − 𝑍𝑄 ∙ 𝜎𝑄     [2-9] 
 
Likewise, the boundary between safe and failure regions is given by the condition g(ZR,ZQ)=0. In 
this case, the reliability index is defined as the shortest distance from the origin of reduced 
variables to the boundary g(ZR,ZQ)=0 as per Figure 2-8. 
Mathematically, reliability index is equal to the inverse of the coefficient of variation of the limit 
state function g when R and Q are uncorrelated as per equation 2-10. 
 
𝛽 = 𝜇𝑅−𝜇𝑄
�𝜎𝑅
2+𝜎𝑄
2
          [2-10] 
 
For normally distributed random variables R and Q, it can be shown that reliability index is related 
to the probability of failure by Pf=Φ(-β) where Φ is the standard normal distribution function. A 
greater reliability index corresponds to a smaller probability of failure. 
Generally, it is not possible to derive a closed-form solution for equation 2-6, which led to the 
development of numerical techniques to determine an estimation of the probability of failure. 
These are categorised in simulation methods as direct Monte-Carlo and approximation methods 
such as first-order reliability method (FORM) or First-order second-moment reliability method 
(FOSM). 
 
 
Figure 2-8 – Reliability index as the shortest distance in the space of reduced variables. 
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2.9.1 First-order reliability method (FORM) 
 
Among all approximation methods, first-order reliability method (FORM) is considered to be one of 
the most accurate numerical techniques. The standard form is based on the first-order second-
moment reliability method (FOSM) that expands equation 2-5 to the case where limit state 
function has more than two random variables as per equation 2-11. 
 
𝑔(𝑋1,𝑋2, … ,𝑋𝑛) = 𝑎0 + ∑ 𝑎𝑖 ∙ 𝑋𝑖𝑛𝑖=1         [2-11] 
 
And the reliability index can then be expressed in terms of the values of mean and standard 
variation of the random variables as per equation 2-12. 
 
𝛽 = 𝑎0+∑ 𝑎𝑖∙𝜇𝑋𝑖𝑛𝑖=1
�∑ �𝑎𝑖∙𝜎𝑋𝑖�
2
𝑛
𝑖=1
          [2-12]  
 
It is worthwhile to notice that the probability distribution of the random variables is ignored in 
equation 2-12. If the random variables are uncorrelated and defined by normal distributions, the 
method predicts exactly the reliability index and probability of failure, otherwise it only provides an 
approximation of the reliability index. 
Later, Hasofer and Lind proposed a procedure for determining an approximation of the reliability 
index for non-linear limit state functions. The procedure consists in linearising the non-linear limit 
state function using a Taylor series expansion at certain design points. The process is iterative and 
varies the design points until convergence is achieved and the reliability index is determined. 
In 1978, Rackwitz and Fissler [200], developed a more accurate procedure to calculate the 
reliability index that takes into account the probabilistic distributions of all random variables. The 
main idea of the procedure is to use equivalent normal parameters of mean and standard 
deviation for each of the non-normal distributions in the iterative analysis. FORM typically refers to 
this procedure. 
The steps of FORM (as per Rackwitz-Fiessler procedure) are enumerated below [199]: 
(i) Formulate the limit state function g(X1, X2,...,Xn) and determine the fitting probabilistic 
distributions with relevant parameters for all random variables Xi involved; 
(ii) Acquire an initial design point xi* by assuming values for n-1 of the random variables Xi 
(usually mean values) and the remaining one by solving g=0. This ensure that the design point is 
on the failure boundary; 
(iii) Determine the equivalent normal mean µXie and standard deviation sXie of the non-normal 
random variables for design point xi*; 
(iv) Determine the reduced variables zi* corresponding to the design point xi* using: 
 
𝑧𝑖
∗ = 𝑥𝑖∗−𝜇𝑋𝑖𝑒
𝜎𝑋𝑖
          [2-13] 
 
(v) Determine the partial derivatives of the limit state function with respect to the reduced 
variables and define a column vector {G} as the vector of partial derivates multiplied by (-1): 
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𝐺 = �𝐺1𝐺2⋮
𝐺𝑛
� where  𝐺𝑖 =  − 𝜕𝑔𝜕𝑍𝑖�𝑒𝑣𝑎𝑙𝑢𝑎𝑡𝑒𝑑 𝑎𝑡 𝑑𝑒𝑠𝑖𝑔𝑛 𝑝𝑜𝑖𝑛𝑡    [2-14] 
 
(vi) Determine an estimate of the reliability index β: 
 
𝛽 = {𝐺}𝑇∙{𝑧∗}
�{𝐺}𝑇∙{𝐺} where  {𝑧∗} = �𝑧1
∗
𝑧2
∗
⋮
𝑧𝑛
∗
�      [2-15] 
 
(vii) Calculate a vector containing the sensitivity factor defined by equation 2-16: 
 {𝛼} = {𝐺}
�{𝐺}𝑇∙{𝐺}           [2-16] 
 
(viii) Determine the new design point in reduced variables for n-1 variables using zi*=αi x β and 
obtain the correspondent design point values as per original coordinates: 
 
𝑥𝑖
∗ = 𝜇𝑋𝑖𝑒 + 𝑧𝑖∗ ∙ 𝜎𝑋𝑖𝑒           [2-17] 
 
(ix) Obtain the remaining random variable by solving g=0; 
(x) Repeat steps (iii) to (ix) until β and design point xi* converge. 
 
2.9.2 Monte-Carlo Method 
 
Monte-Carlo method is a practical simulation technique used to numerically derive results, as for 
instance the probability of failure or statistics of system strength, when random variables are 
involved.  
The method relies on random sampling of the random variables to obtain a numerical estimation 
for the intended result. The basic version of Monte-Carlo method used pseudo-random sampling 
and is called direct Monte-Carlo method. Accuracy of the result depends on the number of samples 
considered. 
Although the direct Monte-Carlo method is rather straightforward, in some instances, the problem 
being analysed is extremely complex and the computational time for a single trial may be very 
long and, as such, the time needed to perform hundreds or thousands of simulations may be quite 
taxing. 
Under those circumstances, the Monte-Carlo method is combined with low-discrepancy sampling 
techniques to reduce the number of simulations required to obtain reasonable results. Among the 
sampling techniques, Latin-hypercube sampling (LHS) is popular for structural applications. 
LHS was first introduced by McKay et al. [201] and has been further extended by different 
researchers [202, 203]. In this technique, (i) the probability distribution of each random variable is 
partitioned in n intervals of equal probability with n being the size of the sample, (ii) a value from 
each interval is randomly selected as representative value, (iii) representative values of each 
random variables are then combined so that each representative value is considered only once in 
the simulation process. It should be noted that LHS does not depend on the number of random 
variables and this independence represents one of the main advantages of LHS in problems with a 
large number of parameters. 
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3. FINITE ELEMENT MODELLING OF COLD-FORMED STEEL 
STRUCTURES 
 
This chapter details the numerical modelling of cold-formed steel structures. 
With the increasing capacity of computational devices, physical tests and physical experiments are 
commonly being replaced by numerical simulations as analysis tools capable of accurately 
representing the behaviour and ultimate capacity of structures. One of the main aims of this 
doctoral thesis is to develop a comprehensive numerical finite element (FE) model capable of 
producing reliable strength predictions of cold-formed steel structures suitable to be employed in 
design by advanced analysis methods. Additionally, in order to encourage the widespread use of 
this new design approach, and obtain time and economical efficiency, any developed FE model 
should strive for simplicity and comprehensibility without compromising accuracy. 
It is generally accepted that shell-element based analysis can accurately predict the behaviour and 
ultimate capacity of structures undergoing local instability provided that geometric imperfections 
and residual stresses are incorporated in the analysis [145, 146, 150] and therefore, most of the 
developed FE models of cold-formed steel structures are based on that principle.  
FE models are subsequently validated by comparing the mechanical behaviour and failure of 
numerical analyses with results from well-documented full-scale tests. Once validated, FE models 
are then suitable to be used to obtain nominal strength predictions and to build strength 
distribution curves of the frames studied in the reliability analyses carried out in this doctoral 
thesis. The different features influencing the strength of a cold-formed structural system are 
considered and the following sections detail in what manner they were incorporated in the model. 
 
3.1 STORAGE RACK FRAMES AND PORTAL FRAMES 
 
Storage rack frames are generally composed of light gauge steel members with boltless 
connections between continuous vertical elements – uprights – and horizontal elements – beams, 
and are often unbraced in the down-aisle direction. Consequently, storage rack frames are prone 
to local, distortional and flexural-torsional buckling as well as down-aisle sway buckling, and 
sensitive to the relative degree of stiffness between uprights and beams. Accordingly, the 
developed finite element (FE) model should be able to represent these features. 
Cold-formed portal frames are single-storey structures with pitched roofs over single or multiple 
bays. They are comprised of light gauge steel members with bolted connections between vertical 
elements – columns – and horizontal or pitched elements – beam and rafters, respectively – and, 
unbraced in the plane of the frame. Consequently, cold-formed portal frames are prone to local 
and distortional buckling as well as in-plane sway-buckling, and sensitive to the degree of stiffness 
between columns and beams/rafters. 
Hence, the main requirements for FE models of storage rack frames and cold-formed portal frames 
include flexibility to represent the complex cross-section geometries of the members, ability to 
assign semi-rigid behaviour to joints and to take into account the effect of local, distortional and 
member buckling in determining the ultimate capacity of the structure. 
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The general purpose commercial finite element package Abaqus was used for FE model 
development and analysis. The following sections describe the FE models used for all numerical 
analyses of storage rack frames and portal frames included in this doctoral thesis. 
 
3.2 MATERIAL PROPERTIES 
 
Storage rack members and cold-formed portal frame members are made of cold-formed steel and 
thus, cold-formed steel or virgin steel properties should be used in the analysis. 
As for cold-formed steel mechanical behaviour, the stress-strain curve was chosen as elastic-
perfectly plastic defined by Young’s modulus (E) and yield stress (fy). A more accurate and 
complex mechanical model was deemed unnecessary since the common types of failure of storage 
rack frames and cold-formed portal frames are not strongly dependent on the material post-elastic 
behaviour. The assumption was validated by using two different cases of stress-strain curve – 
elastic-perfectly plastic with or without strain-hardening – on identical FE models and obtaining 
similar failure loads and modes as detailed in Chapter 5. 
The elastic behaviour is characterised by Young’s modulus and Poisson’s ratio which for nominal 
models were taken as 200 GPa and 0.3, respectively. 
The inelastic behaviour is defined in terms of true stress and logarithmic plastic strain which 
means that: (i) a true stress-strain relation independent of any local cross-section variation should 
be employed, unlike the uniaxial engineering stress-strain curve obtained from a steel coupon test 
which is defined in terms of the original area and (ii) inelastic component of strain is established 
separately from the elastic component. 
For an isotropic material as steel, true stress (σtrue) and logarithmic plastic strain (εpl,ln) may be 
derived from the engineering stress-strain (σ-ε) data obtained from a coupon uniaxial test by 
equations 3-1 and 3-2, respectively [10] where E represents Young’s modulus. 
 
𝜎𝑡𝑟𝑢𝑒 = 𝜎 ∙ (1 + 𝜀)          [3-1] 
 
𝜀𝑝𝑙,𝑙𝑛 = ln(1 + 𝜀) − 𝜎𝑡𝑟𝑢𝑒𝐸          [3-2] 
 
The Abaqus solver employs the standard von Mises yield surface criterion to distinguish between 
the elastic and inelastic ranges where the yield surface is defined by equation 3-3 with fy 
representing the value of yield stress and σ1, σ2 and σ3 representing the value of the stresses 
along the principal directions. 
 
𝑓 = �(𝜎1−𝜎2)2+(𝜎2−𝜎3)2+(𝜎3−𝜎1)2
2
− 𝑓𝑦=0       [3-3] 
 
The yield criterion provides information about whether plastic deformation is deemed to occur or 
not. An f value less than zero represents a material still in its elastic range and hence, no plastic 
deformation takes place whereas an f value of zero represents the limit state where material is 
yielding and hence, plastic deformation occurs. A visualisation of Von Mises yield surface for a 
plane stress state is shown in Figure 3-1. 
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Figure 3-1 – Von Mises yield surface for a plane stress state (σ3 = 0). 
 
In the material inelastic range (f=0), plastic component of deformation is obtained by the flow rule 
which may be expressed by equation 3-4. 
 
𝑑𝜀𝑝𝑙 = 𝜆 ∙ 𝑑𝑔(𝜎𝑡𝑟𝑢𝑒,𝐻𝛼)𝑑𝜎𝑡𝑟𝑢𝑒          [3-4] 
 
Where λ is a scalar measuring the amount of plastic flow rate and g represents the flow potential 
which is function of true stress – σtrue - and strain-hardening parameters - Hα. 
The plastic zone formulation allows for gradual spreading of plasticity through the cross-section 
and along the length of the members. 
 
3.3 GEOMETRY, ELEMENT TYPES AND MESH 
 
3.3.1 Storage Rack Frames 
Despite the rich variety of existing configurations, typical storage rack systems tend to replicate a 
certain configuration of planar frame through the cross-aisle direction and for that reason it was 
deemed unnecessary to model the full tri-dimensional assembly. Consequently, a single planar 
frame was considered with relevant cross-aisle interactions being modelled through constraints 
and boundary conditions. 
The planar frame layout is characterised by the number of bays and storeys, span length and 
storey height and, down-aisle and cross-aisle bracing schemes.  
Beam and upright geometry was modelled using S4R shell-elements. This type of element is 
available in the Abaqus library and consists on a 4-node general-purpose shell element with 
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reduced integration, hourglass control and finite membrane strains [10]. It employs linear shape 
functions and assigns six degrees of freedom per node. The default Simpson’s rule was used 
considering five integration points through the thickness of the element and assuming a 
homogeneous cross-section.  
The Abaqus modelling scheme includes the explicit geometric definition of cross-section and 
longitudinal member development. This versatility allows for the representation of the multiple 
cross-section rounded corners and upright perforations as per Figure 3-2. 
 
 
Figure 3-2 – Model of upright. 
 
Down-aisle bracing members were modelled with T3D2 truss-elements. This type of element is 
available in the Abaqus library and consists of a 2-node straight linear 3-D truss element with 
constant axial stress along the length. It employs linear shape functions and assigns three 
translational degrees of freedom per node. The Abaqus modelling scheme includes the definition of 
member length and cross-sectional area. 
System and members were initially modelled as per ‘perfect’/nominal geometry configuration with 
geometric imperfections being incorporated on a posterior stage as detailed later in this chapter. 
Concerning mesh definition for shell-elements, an Abaqus algorithm was used to determine an 
approximate element size, that is a function of member geometry and allowed a minimum of two 
elements through the width of the flat plate and per rounded corner. The algorithm prescribes 
smaller elements near singularities or perforations. This methodology was validated through 
convergence studies on mesh density carried out later in this chapter. 
 
3.3.2 Cold-formed Portal Frames 
Structural solutions based on cold-formed portal frames are formed by the assemblage of multiple 
parallel portal frames of identical configuration spaced by typical lengths of 4 to 8 metres and 
connected longitudinally through secondary elements such as purlins and girts. Consequently, it 
3. Finite Element Modelling of Cold-formed Steel Structures 
 35  
was considered sufficient to model a single planar portal frame with relevant out-of-plane 
interactions being modelled by constraints and boundary conditions. 
A portal frame layout is characterised by span length, eave height, rafter pitch angle and 
joint/support conditions. Similar to storage rack frame members, rafter and column geometries 
were modelled using S4R shell-elements. The Abaqus modelling scheme includes the explicit 
geometric definition of cross-section and longitudinal member development. 
In the particular case of back-to-back cold-formed channels, two methodologies may be used in 
Abaqus to simulate the interaction between webs: (i) to use Abaqus fasteners that couple 
translational degrees of freedom of the web nodes at the position of the actual screws or bolts 
and, (ii) to create a TIE constraint between webs that oblige them to behave as a single surface. 
The first methodology has the advantage of allowing for the development of local buckling half-
wavelengths between screws as displayed in actual full-scale tests, but produces significant 
analysis convergence issues and adds a greater computational cost. The second methodology has 
the advantage of being independent of the actual position of the screws and is less prone to 
numerical instability. Since the difference between strength results for the two methodologies is 
negligible for short spacings between screws, the latter was adopted for the majority of analyses. 
Plate elements simulating gusset plates and brackets at column-base connection and joints were 
also modelled using S4R shell-elements. 
System and members were initially modelled as per ‘perfect’/nominal geometry configuration with 
geometric imperfections being incorporated at a posterior stage. 
Concerning mesh definition for shell-elements, an Abaqus algorithm was used to determine an 
approximate element size that, as a function of member geometry, allowed a minimum of four 
elements per width of each flat plate except for lips where two elements were deemed sufficient. 
This methodology was validated through convergence studies on mesh density detailed later in this 
chapter. 
 
3.4 LOADS 
 
3.4.1 Storage Rack Frames 
Two major types of loading were considered: (i) Self-weight of the storage rack frame and (ii) 
Pallet live load. 
Self-weight was modelled through a uniform body force applied to all structural members – beams, 
uprights and bracings – with the direction of gravity and a magnitude equal to steel weight density 
– 77 kN/m3. A body force then consists of a force per unit of volume that has a resultant equal to 
the product of its magnitude and volume of the body to which it is applied. 
Pallet live load was modelled as a uniform pressure load applied to the top-flanges of the beams 
with the direction of gravity and a magnitude equal to the product of the force per bay and per 
storey and surface area of the top-flanges. A pressure load consists of a load per unit area that 
has a resultant equal to the product of its magnitude and area of the surface to which it is applied. 
In certain studies, concentrated/point forces applied at single nodes were considered to simulate 
test apparatus in full-scale tests or for notional horizontal forces applied at storey levels. 
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3.4.2 Cold-formed Portal Frames 
Two major types of loading were considered: (i) Gravity loads and (ii) patterned Wind load.  
Gravity load was modelled through a uniform surface traction load applied to the top-flanges of the 
rafters with the direction of gravity and a magnitude equal to the product of the force per bay and 
surface area of the rafter top-flanges. Being a surface traction load, it is similar to a uniform 
pressure load with the exception that the direction of the load may be other than normal to the 
surface. 
Patterned wind load was modelled through a uniform pressure load applied to the top-flanges of 
rafters and outer-flanges of columns along the normal direction with a magnitude equal to the 
product of relevant wind pressure load (windward, leeward, roof) for the tributary area and the 
surface area of member flanges. 
In certain studies, concentrated/point forces applied at single nodes were considered to simulate 
test apparatus in full-scale tests or notional horizontal forces applied at eave level. 
 
3.5 BOUNDARY CONDITIONS 
 
3.5.1 Storage Rack Frames 
All storage rack frames considered in this doctoral thesis presented pinned joints at the base. They 
were materialised in the FE model by: (i) creating two TIE constraints between the end nodes at 
the bottom of the upright and a reference point ‘RPSupport’ located at the respective centroid of 
the upright and (ii) restraining only the translational degrees of freedom of the reference points as 
per Figure 3-3.  
 
 
Figure 3-3 – Storage rack frame support. 
 
The cross-aisle bracing was simulated by restraining the out-of-plane displacement of the nodes 
located at the intersection of cross-aisle bracing and upright. Additionally, cross-aisle bracing 
prevented distortional buckling of the upright cross-section and, in order to simulate this effect, 
connectors of type LINK were created at each cross-aisle bracing location between the outer 
flanges of the upright. This type of connector constrains the axial translational degree of freedom 
between connecting nodes. 
Other boundary conditions were considered for the FE models of the full-scale tests in order to 
simulate test apparatus. More detail may be found later in this chapter. 
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3.5.2 Cold-formed Portal Frames 
Two types of base-column support conditions were considered in this doctoral thesis: semi-rigid 
and pinned. For both cases, they were materialised in the FE model by: (i) assigning a RIGID 
BODY constraint to the vertical plate connecting the channel section(s) at the base and defining a 
reference point ‘RPPlate’ at the middle of the bottom edge of the rigid plate, (ii) creating one (or 
two in the case of back-to-back channel columns) surface-to-surface TIE constraint between 
column web (of a length equal to the expected length of bolted area) and the nearest surface of 
the vertical plate, (iii) creating an individual reference point ‘RPSupport’ by offsetting ‘RPPlate’ in 
the z-direction by a small distance of 1 mm, (iv) restraining translational degrees of freedom and 
the rotations about y- and z-axis degrees of freedom of point ‘RPSupport’ and finally and, (v) 
creating a connection type HINGE between ‘RPPlate’ and ‘RPSupport’ which assigns a user-defined 
behaviour for the rotation about z-axis and a rigid behaviour for the remaining degrees of freedom 
as per Figure 3-4. For the semi-rigid support conditions, the user-defined behaviour is prescribed 
through a moment-rotation curve whereas for the pinned support conditions, the user-defined 
behaviour is prescribed by defining a linear relation with an negligible stiffness. 
 
 
Figure 3-4 – Portal frame support. 
 
Out-of-plane members like purlins and girts connect portal frames to roof and wall sheeting, 
respectively. Additionally, they also interconnect portal frames while enabling an out-of-plane 
bracing effect. The connection to the portal frame is bolted and may be direct (web-to-web or 
flange-to-flange) or by using an intermediate L-shaped section. The effect of purlins and girts was 
simulated by restraining the out-of-plane displacement and rotation about member axial axis of 
the top- or outer-flange nodes corresponding to the purlin and girt locations, respectively.  
 
3.6 JOINTS 
 
3.6.1 Storage Rack Frames 
Storage rack frames belong to a group of structures heavily influenced by semi-rigidity of joints 
and, thus, idealised joint models like rigid or pinned joints are unable to reproduce the real frame 
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behaviour. At the same time, provided the overall structural behaviour is well captured, an in-
depth representation of the structural behaviour in the vicinity of the joint as presented by Sarawit 
or Prahba [149, 163] is not required. 
In storage rack frames, uprights are continuous through all storeys while beams are discrete 
elements at each bay. Typically, the connection mechanism is materialised by welded beam-end 
connectors that engage directly with the upright perforations by a tang-based system, as per 
Figure 3-5. 
In the FE model and for each joint: (i) a TIE constraint was created between the end nodes located 
at the beam edge and a reference point ‘RPBeam’ located at the centroid of the beam cross-
section, (ii) a second TIE constraint was created between the edge nodes of a cut made in the 
upright corresponding to the location of the beam-end connector and a reference point ‘RPUpright’ 
located at the same height as the beam centroid, (iii) at the intersection of a straight line along x-
axis passing by ‘RPBeam’ and a straight line along z-axis passing by ‘RPUpright, a third reference 
point ‘RPJoint’ was created, (iv) between the ‘RPBeam’ and ‘RPJoint’ a rigid link was assigned 
through connection type BEAM, and (v) between ‘RPUpright’ and ‘RPJoint’ a rotational constraint 
about the z-axis (user defined by a moment-rotation curve) was prescribed through connection 
type HINGE while assigning rigid behaviour to the remaining degrees of freedom. The 
configuration of a typical joint is displayed in Figure 3-6.  
This methodology preserves the continuity of the upright, simulates the stiffening effect of the 
beam-end connector on the upright and allows the inclusion of any joint moment-rotation relation. 
 
3.6.2 Cold-formed Portal Frames 
Similar to storage rack frames, cold-formed portal frames belong to a group of structures heavily 
influenced by semi-rigidity of joints and, thus, idealised joint models like rigid or pinned joints are 
unable to reproduce the real frame behaviour. At the same time, provided the overall structural 
behaviour is well captured, an in-depth representation of the structural behaviour in the vicinity of 
the joint is not required. 
In cold-formed portal frames, a wide variety of bolted joints is available with their configuration 
ranging from direct (web-to-web, flange-to-web or flange-to-flange) to angle seat or web cleat 
connection (where an L-shaped section is used between connecting elements), gusset 
plate/bracket based connection (where a plate or bracket stiffens the joints and serves as an 
interface between members) or knee-based connection (where a diagonal member is added at a 
certain distance from the joint in order to create an effectively rigid block). Their field of 
application typically varies with span length and stiffness requirements. 
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In this doctoral thesis, the majority of modelled cold-formed portal frame joints are bolted 
connections with the use of gusset/bracket plates. 
The connection mechanism is materialised by the use of either a gusset plate or bracket bolted at 
its ends to the webs (and flanges in the case of brackets being employed) of adjacent members as 
per Figure 3-7. This mechanism may be used at the portal frame eaves, apex and column-base 
joints as detailed earlier. 
 
 
Figure 3-7 – Bolted eave joint with brackets [3]. 
 
In the FE model and for each eave and apex joint: (i) two plates were added to the intersection 
between adjacent members – the plates resulting from a diagonal cut of a planar plate with the 
gusset (or bracket) geometry, (ii) a reference point ‘RPJoint’ was created at the intersection 
between adjacent members, (iii) two RIGID BODY constraints were created between each plate 
and a reference point ‘RPPlate_i’ located on the diagonal edge, (iv) a surface-to-surface TIE 
  
Figure 3-5 – Boltless storage rack 
joint. 
Figure 3-6 –Beam-to-upright joint. 
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constraint (coupling degrees of freedom for all intervenient  nodes) was created between each 
plate surface and nearest web (at a length equal to the length of the expected bolted area), (v) if 
a bracket was used, the flange thickness of the member was increased for a length equal to the 
length of the expected bolted area, (vi) between ‘RPPlate_1’ and ‘RPJoint’, a rigid link was 
assigned through connection type BEAM, and (vii) between ‘RPPlate_2’ and ‘RPJoint’, a rotational 
constraint about the out-of-plane axis (user defined by a moment-rotation curve) was prescribed 
through a connection type UJOINT while assigning rigid behaviour to the remaining degrees of 
freedom. The configuration of a typical joint is displayed in Figure 3-8. 
 
 
Figure 3-8 – Eave joint detail. 
 
This methodology includes the stiffening effect of gusset/bracket plate and allows the inclusion of 
any joint moment-rotation relation. It is relevant to highlight that the formulation assumes that all 
components of joint flexibility (member flexural flexibility, plate flexural and bearing flexibility, 
bolt-hole interaction, set of bolts flexibility) are included in the moment-rotation curve applied at 
connector UJOINT. 
 
3.7 GEOMETRIC IMPERFECTIONS 
 
There are three main categories of imperfections relevant for cold-formed steel structures: frame 
imperfections, member imperfections and sectional imperfections. 
Frame imperfection consists on the deviation from the perfect geometry of the overall frame or 
system. Typically, it is associated with a sway shaped imperfection and it is defined by an out-of-
plumb angle. 
Member imperfections consist of the type of deviation from member perfect geometry where the 
cross-section displaces or rotates as a rigid body without distortion. Typically, member 
imperfections are associated with classical global strong axis flexure, weak axis flexure and/or 
torsional buckling shapes and are referred as camber, bow (or sweep) and twist imperfections. 
Camber and bow imperfections are also termed out-of-straightness imperfections. 
Sectional imperfections consist of the type of deviation from member perfect geometry where 
component plates of the cross-section displace or rotate leading to a distortion of the cross-
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section. Typically, sectional imperfections are associated with local buckling shaped and/or 
distortional buckling shaped imperfections. The former is characterised by a deformed shape 
similar to plate flexure without transverse deformation of the lines of intersection of adjoining 
plates whereas the latter displays a rotation of the flange/web junctions (if lips are present) or a 
displacement of the intermediate stiffener normal to the plate. 
The developed FE model has to be able to incorporate the aforementioned categories of 
imperfections since they are expected to have a detrimental effect on the strength of cold-formed 
steel structures. 
In Abaqus, three main methods may be employed to add geometric imperfections to a FE model: 
(i) linear superposition of buckling eigenmodes obtained from a previous eigenvalue buckling 
analysis, (ii) scaling of the deformed shape of the structure obtained from a previous static 
analysis (for a certain loading) and (iii) direct definition of the position of model nodes according to 
an imperfect deformed shape [10]. 
In the context of cold-formed steel structures, first method presents a few hurdles that, despite 
the ease of numerical implementation, makes it an unattractive option for modelling geometric 
imperfections. 
Coupled buckling modes rather than pure buckling modes arise from eigenvalue buckling analyses 
and since statistics on geometric imperfections are typically measured according to pure sectional, 
member and frame shaped imperfections, it becomes complicated to establish the linear 
superposition of bucking modes.  
Techniques based on conducting eigenvalue buckling analyses on slightly modified structures have 
been used to obtain pure bucking eigenmodes with moderate success such as bracing the system 
– to separate frame imperfections from member and sectional imperfections [158] – or increasing 
the thickness of members – to separate member from sectional imperfections [3]. However, it is 
relevant to highlight that it is not always possible to uncouple all bucking modes and if a wide 
range of structures are to be studies, it becomes labour intensive. 
Shayan [204] carried out a study on hot-rolled steel structures that sought to enable the use of a 
linear superposition of buckling eigenmodes as geometric imperfections based solely on the 
eigenmode number and independent of buckling type. The study calibrated the amplitudes of the 
initial six buckling modes that when incorporated as geometric imperfections produce system 
strengths with a good agreement with the ones obtained by incorporating randomly generated 
imperfections (based on statistics of actual measurements). Unfortunately, a similar study for 
cold-formed steel structures would require a large number of buckling modes since it is common 
that initial buckling modes are not shaped as member or frame imperfections. 
The second method implies that geometric imperfections are load dependant which, despite the 
ease of numerical implementation, makes it an unattractive option for modelling geometric 
imperfections.  
The third method is numerically harder to implement but it brings the attractive advantage of 
freedom to define any shape of geometric imperfection including a combination of pure buckling 
modes. Therefore, in all FE model included in this thesis, geometric imperfections were 
incorporated by shifting the position of FE mesh nodes from their perfect geometry to the desired 
imperfect geometry. 
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The following paragraphs detail the methodology employed to incorporate geometric imperfections 
in the FE model and a graphically summary is shown in Figure 3-9. 
-  
Figure 3-9 – Diagram of modelling of geometric imperfections. 
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Statistical data for measured amplitudes of frame, member and sectional imperfections of cold-
formed steel structures is available in the literature and thus, it encourages the definition of 
geometric imperfections as the sum of frame, member and sectional imperfections. 
As per Section 3.3, the FE model is defined according to the nominal/perfect geometry and, 
geometric imperfection becomes the sum of frame, member and sectional imperfection at each 
node which is materialised by a translation vector with three components that shifts the node from 
its original position to the position of the imperfect structure. 
Abaqus geometry definition is processed in two levels: Part level/module and Assembly 
level/module.  
In the Part level/module, the user is able to create parts (or components) and define and 
manipulate their geometry and features. Geometry of system components including beams, 
columns, bracing members and connecting plates is established at this level. Each part is defined 
in its own coordinate system and is independent of other parts of the model. 
In the Assembly level/module, user is able to position the parts relative to each other in a global 
coordinate system and therefore, assembling the full FE model. 
The existence of two levels/modules with the aforementioned characteristics implies that member 
and sectional imperfections cannot be incorporated at the same level of frame imperfections and 
while the former are applied in the Part level/module, the latter are applied at Assembly 
level/module. 
Beginning with frame imperfections: when parts are assembled together in the Assembly 
level/module, they undergo translations and rotations that eventually characterise their position in 
the global coordinate system. In terms of Abaqus input, each part position is defined by two 
vectors with three and seven values, respectively. The first vector corresponds to the coordinates 
of the part’s reference point (origin of part’s own coordinate system) in terms of the global 
coordinate system, and the second vector has the coordinates of two points in terms of global 
coordinates and an angle which represent the resultant rotation undergone by the part about an 
axis defined by the two points. 
In order to incorporate the frame imperfection that as mentioned previously presents a sway 
shape and is characterised by an out-of-plumb angle (or several angles if statistically out-of-plumb 
variation is considered), vertical members have to be rotated about an axis normal to the frame 
plane by an angle equal to the value of out-of-plumb, and horizontal members have to be 
translated horizontally by the product of vertical distance and the mean of the out-of-plumb angle 
(in radians) of the adjacent vertical members as per Figure 3-10. 
For that purpose, a Matlab function named AxisAngle.m was developed that transforms all 
rotations undergone by the vertical element (rotations to its perfect position plus any given out-of-
plumb angle) to an axis-angle notation suitable to be interpreted by Abaqus software. AxisAngle.m 
code is presented in Appendix C. 
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Figure 3-10 – Frame imperfection. 
 
Member imperfections and sectional imperfections are applied in the Part level/module. In terms of 
Abaqus input when a part is meshed its geometry becomes defined by the coordinates of the mesh 
nodes. The coordinates of the nodes are defined according to the part’s own coordinate system 
and as per Section 3.3, nodes initially represent the perfect geometry of the member.  
In accordance with the adopted methodology, it is then necessary to develop a formulation that 
modifies the node coordinates to take into account member and sectional imperfections.  
Member imperfections and sectional imperfections are characterised by a certain cross-sectional 
displacement that is scaled by a certain amplitude varying longitudinally (typically, representing 
the maximum absolute value of the cross-sectional displacement). Mathematically any of the 
member imperfections – camber δGI,camber, bow (or sweep) δGI,bow and twist δGI,twist imperfections – 
and, sectional imperfections – distortional δGI,distortional and local δGI,local imperfections – may be 
described by the product of a cross-sectional shape function ϕ dependent on cross-section 
coordinates x and y and an amplitude function α dependent only on axial coordinate z as per 
equation 3-5. The total geometric imperfection δGI,total equals the sum of all member and sectional 
imperfections as per equation 3-6. 
 
𝛿𝑖(𝑥,𝑦, 𝑧) = 𝛼𝑖(𝑧) ∙ 𝜑𝑖(𝑥,𝑦)         [3-5] 
 
𝛿𝐺𝐼,𝑡𝑜𝑡𝑎𝑙(𝑥,𝑦, 𝑧) = ∑𝛿𝑖(𝑥,𝑦, 𝑧)        [3-6] 
 
In equation 3.6, i represents the type of imperfection – camber, bow, twist, distortional and local. 
The following section details the definition of these cross-sectional shape and amplitude functions. 
The total geometric imperfection δGI,total may then be added to perfect geometry configuration 
u0=(x0,y0,z0) to obtain the geometric imperfect configuration uf=(xf,yf,zf) as per equation 3-7. 
 
𝑢𝑓 = 𝛿𝐺𝐼,𝑡𝑜𝑡𝑎𝑙(𝑥0,𝑦0, 𝑧0) + 𝑢0        [3-7] 
 
Several examples of application of this methodology may be found in Appendix C where the code 
for several Matlab programs developed in this doctoral thesis is presented – programs C.3 and C.4. 
 
- Member imperfection functions 
Camber and bow (or sweep) type of imperfections have the shape of a pure translation in the 
direction of weak and strong axes, respectively. Considering the weak axis aligned with x-axis and 
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strong axis aligned with y-axis, the cross-section shape functions are simply given by equation 3-8 
and 3-9: 
 
𝜑𝐺𝐼,𝑐𝑎𝑚𝑏𝑒𝑟(𝑥,𝑦) = [1      0]         [3-8] 
 
𝜑𝐺𝐼𝑏𝑜𝑤(𝑥,𝑦) = [0       1]         [3-9] 
 
Lacking a more precise model, the camber and bow amplification function assumes that a single 
sinusoidal half-wavelength is formed between restraints preventing such type of deformation and 
may be expressed by equations 3-10 and 3-11, 
 
𝛼𝐺𝐼,𝑐𝑎𝑚𝑏𝑒𝑟(𝑧) = 𝐴𝑚𝑎𝑥,𝑐𝑎𝑚𝑏𝑒𝑟 ∙ sin �𝜋∙𝑧𝐿 �       [3-10] 
 
𝛼𝐺𝐼,𝑏𝑜𝑤(𝑧) = 𝐴𝑚𝑎𝑥,𝑏𝑜𝑤 ∙ sin �𝜋∙𝑧𝐿 �        [3-11] 
 
where Amax represents the maximum amplitude and L represent the half-wavelength. 
 
The twist type of imperfection has the shape of a pure rotation (typically measured about cross-
section shear centre). Mathematically, it becomes easier to directly express twist imperfection by 
equation 3-12: 
 
𝛿𝐺𝐼,𝑡𝑤𝑖𝑠𝑡(𝑥,𝑦) = �𝑑0 ∙ �cos�𝜃0 + 𝛼𝐺𝐼,𝑡𝑤𝑖𝑠𝑡� − cos 𝜃0�                     𝑑0 ∙  �sin�𝜃0 + 𝛼𝐺𝐼,𝑡𝑤𝑖𝑠𝑡� − sin𝜃0�� [3-12] 
 
where 𝑑0 = �(𝑦 − 𝑦𝑠)2 + (𝑥 − 𝑥𝑆)2, 𝜃0 = tan−1 �𝑦−𝑦𝑠𝑥−𝑥𝑆�, ys and xs represent the coordinates of the shear 
centre and, αGI,twist represents the amplification factor. 
Lacking a more precise model, the twist amplification function assumes that a single sinusoidal 
half-wavelength is formed between restraints preventing such type of deformation and may be 
expressed by equation 3-13, 
 
𝛼𝐺𝐼,𝑡𝑤𝑖𝑠𝑡(𝑧) = 𝐴𝑚𝑎𝑥,𝑡𝑤𝑖𝑠𝑡 ∙ sin �𝜋∙𝑧𝐿 �        [3-13] 
 
where Amax,twist represents the maximum amplitude and L represent the half-wavelength. 
Figure 3-11 portrays the cross-section shape functions used in this doctoral thesis. 
 
- Sectional imperfection functions 
Unlike member imperfections, sectional imperfections imply a distortion of the cross-section and 
thus, cross-section shape functions have to be written in terms of a reference displacement that 
typically takes the maximum value of imperfection within the displaced cross-section.  
Distortional and local imperfection cross-section shape functions vary with the type of cross-
section and, as an example, the equations for a lipped channel section are: 
 
𝜑𝐺𝐼,𝑑𝑖𝑠𝑡𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑙(𝑥,𝑦) =
⎩
⎪
⎨
⎪
⎧[− (𝑦−𝑦𝑤𝑒𝑏)ℎ                0]  𝑓𝑜𝑟 𝑙𝑒𝑓𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 𝑎𝑛𝑑 𝑙𝑒𝑓𝑡 𝑙𝑖𝑝[(𝑦−𝑦𝑤𝑒𝑏)
ℎ
                    0] 𝑓𝑜𝑟 𝑟𝑖𝑔ℎ𝑡 𝑓𝑙𝑎𝑛𝑔𝑒 𝑎𝑛𝑑 𝑟𝑖𝑔ℎ𝑡 𝑙𝑖𝑝[0               � 𝑥2
ℎ∙𝑏
−
𝑏
4ℎ
�]  𝑓𝑜𝑟 𝑤𝑒𝑏    [3-14] 
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𝜑𝐺𝐼,𝑙𝑜𝑐𝑎𝑙(𝑥,𝑦) =
⎩
⎪
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎪
⎧ [ℎ 𝑏� ∙ ��𝑦+ℎ 2� −𝑦𝑤𝑒𝑏�2�ℎ 2� �2 − 1�                                     0]  𝑓𝑜𝑟 𝑙𝑒𝑓𝑡 𝑓𝑙𝑎𝑛𝑔𝑒[ℎ 𝑏� ∙ �− �𝑦+ℎ 2� −𝑦𝑤𝑒𝑏�2�ℎ 2� �2 + 1�                                  0] 𝑓𝑜𝑟 𝑟𝑖𝑔ℎ𝑡 𝑓𝑙𝑎𝑛𝑔𝑒[0                                                                            𝑥2
�𝑏 2� �
2 − 1] 𝑓𝑜𝑟 𝑤𝑒𝑏[0                                                                 2ℎ 𝑏� ∙ �𝑥+𝑏 2�ℎ 2� �] 𝑓𝑜𝑟 𝑙𝑒𝑓𝑡 𝑙𝑖𝑝[0                                                             −2ℎ 𝑏� ∙ �𝑥−𝑏 2�ℎ 2� �] 𝑓𝑜𝑟 𝑟𝑖𝑔ℎ𝑡 𝑙𝑖𝑝
   [3-15] 
 
where yweb represent the y-coordinate of the web, h represents the width of the flange and b 
represents the width of the web. 
In this doctoral thesis, cross-section shape functions were obtained for all cross-sections modelled 
and embedded in the developed Matlab programs presented in Appendix C. Figure 3-12 represents 
graphically these functions with the location of the reference displacement. It is worthwhile to 
mention that implicit assumptions are made regarding the location of the reference (maximum) 
displacement that may be violated in some cross-sections  but for the purpose of consistence and 
convenience are used. 
Local amplitude functions assume that multiple sinusoidal half-waves form with a length equal to 
the local critical buckling length, while distortional amplitude functions assume that between 
sections where the distortional imperfection is restrained, single or multiple sinusoidal half-waves 
form with a length equal to the distortional critical buckling length. Equations 3-16 and 3-17 
describe these functions, 
 
𝛼𝐺𝐼,𝑑𝑖𝑠𝑡𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑙(𝑧) = 𝐴𝑚𝑎𝑥,𝑑𝑖𝑠𝑡𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑙 ∙ sin �𝜋∙𝑧𝐿𝑑 �       [3-16] 
 
𝛼𝐺𝐼,𝑙𝑜𝑐𝑎𝑙(𝑧) = 𝐴𝑚𝑎𝑥,𝑙𝑜𝑐𝑎𝑙 ∙ sin �𝜋∙𝑧𝐿𝑙 �        [3-17] 
 
where Amax represents the maximum amplitude, Ld represents distortional buckling length and Ll 
represents local buckling length. 
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Bow Imperfection Camber Imperfection Twist Imperfection 
 
Figure 3-11 – Cross-section shape function for member imperfections. 
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Distortional Imperfection Local Imperfection 
 
Figure 3-12 – Cross-section shape function for sectional imperfections. 
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3.8 ANALYSIS 
 
The Abaqus analyses varied with the type of structure and loading scheme but in order to correctly 
reproduce each case, two types of non-linear static analysis were employed: a general static 
analysis *STATIC and modified Riks analysis *STATIC, RIKS. 
A non-linear general static stress analysis *STATIC is an iterative analysis able to trace the load-
displacement response of a structure up to its maximum capacity (ascending branch) using a load-
control Newton-Raphson solution technique for solving the non-linear equilibrium equations. This 
method employs an algorithm where increment size varies with the degree of non-linearity of the 
solution, i.e. if the solution displays a linear or almost linear behaviour, the increment size 
increases rapidly and conversely, if the solution displays a highly non-linear behaviour, the 
increment size decreases in order to correctly capture the structural behaviour. 
A modified Riks analysis *STATIC, RIKS is ideal to predict unstable and collapse behaviour of 
geometrically and materially non-linear structures since, it is able to capture both ascending and 
descending branches of the load-displacement response of the structure using the arc-length 
method. The essence of the method is that the solution is viewed as the discovery of a single 
equilibrium path in a space defined by nodal displacements/rotations and loading parameter by 
solving simultaneously for loads and displacements. 
Similarly to general static analysis, modified Riks analysis employs Newton-Raphson solution 
technique for solving the non-linear equilibrium equations with the increment size varying with the 
degree of non-linearity of the solution. 
For certain modified Riks analysis cases, the Abaqus solver may present convergence deficiencies 
which include an abrupt stop of the analysis without reaching the peak load or loading and 
unloading of the structure through a coincident load-displacement response path. These 
occurrences are typical of models prone to local instabilities, such as cold-formed steel structures, 
and may lead to incorrect peak/failure load predictions since they represent premature analysis 
back-tracking. 
The reason behind such behaviour relates with the inability of the Abaqus solver to find a 
compatible load-displacement path according to solver default parameters. In order to overcome 
the issue and obtain a converged solution, time incrementation parameters had to be modified and 
the line search algorithm activated. 
 
3.9 VALIDATION OF FINITE ELEMENT (FE) MODELS 
 
This section presents the validation and calibration of storage rack frames and cold-formed portal 
frames finite element (FE) models.  
As it stands, there is no guarantee that behaviour and strength predictions as obtained from a FE 
analysis correctly reproduce the behaviour and strength of the actual structural system and thus, 
the significance of conclusions derived from the results of FE analyses may be compromised. 
Therefore, it becomes an essential step to verify that FE analyses of the developed models are able 
to duplicate the results of the counterpart full-scale tests to a high degree of accuracy. 
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Unfortunately, the availability in the literature of well-documented full-scale tests of cold-formed 
steel structures is sparse and only a few suitable full-scale tests could be used as benchmark 
comparisons for the FE models. 
 
3.9.1 Storage Rack Frames 
 
Due to the availability of detailed information, four full-scale tests on storage rack frames 
performed by Harris [4] at The University of Sydney were used to validate the developed FE 
model. 
All tests were performed on single-bay 4-storey storage rack frames with 110 mm wide, 83.5 mm 
deep and 2.4 mm thick hat-shaped uprights and 130 mm deep, 50.8 mm wide and 1.6 mm thick 
double channel section beams spot-welded at top and bottom as per Figure 3-13. No actual 
measurements of cross-section dimensions were taken and hence nominal dimensions were used 
for the FE models. 
 
 
Figure 3-13 – Cross-section of upright and beam of storage rack frames tested by Harris [4]. 
 
Two types of beam-end connectors were used in the tests: 3-tangs (not symmetric about the 
centroid of the beam) and 4-tangs (symmetric about the centroid of the beam). In terms of 
loading, three different values of pallet loads were initially applied on the beams. Subsequently the 
test procedure consisted of a set of horizontal and vertical loads being applied at a constant rate 
on the top of the storage rack frame through a loading mechanism. The layout and a photo of the 
tested frames are presented in Figures 3-14a and 3-14b. The connector characteristics, pallet 
loads and the horizontal to vertical load ratio of each frame are presented in Table 3-1. 
The geometry of the uprights and beams was modelled including the rounded corners of the cross-
section and member perforations. A mesh with an approximate element size of 15 mm was 
prescribed for both uprights and beam resulting in a total of 63262 shell elements. A convergence 
study of the mesh density is detailed later in this section. 
No coupon tests were performed but the nominal properties of cold-formed steel were provided as 
a Young’s modulus of 200 GPa and a yield stress of 510 MPa. These values were used to derive an 
elastic-perfectly plastic stress-strain relation that was then incorporated in the numerical model. 
 
3. Finite Element Modelling of Cold-formed Steel Structures 
 51  
 
Figure 3-14 – Storage racks tested by Harris [4]: a) Layout, b) Test apparatus. 
 
Table 3-1 – Characteristics of storage rack frames tested by Harris. 
Frame ID Beam-End Connector Load per beam Average horizontal to vertical load ratio (H/V) 
[-] [-] [kg] [%] 
Frame I 3 tangs 240 7.06 
Frame II 4 tangs 240 3.49 
Frame III 4 tangs 440 3.44 
Frame IV 4 tangs 750 3.51 
 
Geometric imperfections were also not measured and they were not considered in the initial FE 
models. 
Regarding boundary conditions, all tests had pinned joints at the base and cross-aisle bracing that 
were modelled as detailed earlier. The restraining effect of the loading mechanism was 
materialised by: (i) creating two TIE constraints between the end nodes at the top of the upright 
and a reference point located at the respective centroid of the upright and then (ii) creating a PIN 
constraint between those two reference points.  
As for the joint stiffness, Harris was able to, based on the measured horizontal displacements, 
analytically obtain the average moment-rotation curve of the joints of each frame. Each moment-
rotation curve was incorporated at all joints of the FE model but obviously, for practical 
applications, this methodology has to be revisited since for the majority of cases, the moment-
rotation behaviour is not known prior to the loading of the actual structure. 
The numerical analysis of the FE model included two steps: (i) in the first step, a geometric and 
material non-linear analysis was conducted considering only the effect of the structure self-weight 
and pallet loads and (ii) in the second step, a geometric and material non-linear failure analysis 
based on the modified Riks method was performed under the action of a vertical and horizontal 
loads applied at the top. It should be noted that the defined numerical analysis reflects the test 
procedure. 
Figure 3-15 shows the developed FE model of storage rack frames tested by Harris. 
For all four frames, the results of the numerical analyses were plotted and compared with the 
experimental observations as exemplified in Figure 3-16 for Frame I. The failure mode common to 
all experimental tests was frame sway buckling with limited distortional buckling of the uprights 
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which was correctly predicted by the numerical analyses as per Figure 3-17. Table 3-2 summarises 
the main results of the numerical analyses and experimental tests. 
 
 
Figure 3-15 – FE model of Harris tested storage rack frames. 
 
 
 
Figure 3-16 – Load-displacement curve for numerical and experimental Frame I. 
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Figure 3-17 – FE model of full-scale test II by Harris at the peak load (Deformation amplified 5x). 
 
Considering that no information was provided regarding the actual geometry of member cross-
section, actual cold-formed steel properties, geometric imperfections and specific joint stiffness 
(other than the average stiffness of all joints), the numerical results are seen to display good 
overall agreement with the test results. The numerical-to-test failure load ratio presents a mean 
and coefficient of variation 0.972 and 0.026, respectively, and the numerical-to-test horizontal 
displacement ratio at the failure loads presents a mean and coefficient of variation of 1.206 and 
0.085, respectively. 
 
Table 3-2 – FE model calibration. 
Frame ID Experimental Values Numerical Values – Standard FE model 
[-] 
Failure 
Load - 
Vtest 
[kN] 
Displacement 
at failure - δtest 
[mm] 
Failure 
Load – 
Vnum 
[kN] 
Displacement at 
failure – δnum 
[mm] 
Load ratio 
– Vnum/Vtest 
[-] 
Displacement 
ratio – δnum/δtest 
[-] 
Frame I 20.30 152.00 20.42 187.82 1.006 1.236 
Frame II 47.89 158.93 46.35 174.81 0.968 1.100 
Frame III 46.13 191.67 44.78 220.99 0.971 1.153 
Frame IV 45.37 133.67 42.86 178.35 0.945 1.334 
 Average 0.972 1.206 CoV 0.026 0.085 
 
The following paragraphs concern the moment-rotation curve to be adopted in the FE model: 
Similar to other cold-formed steel structures, the semi-rigid behaviour of joints plays an important 
role in predicting the overall structural behaviour of storage rack frames. Due partly to the 
diversity of joint systems, the main international storage racking standards require testing to 
determine the stiffness and strength of joints. Two major test set-up alternatives are proposed by 
Standards [192, 205]: cantilever test and portal test. 
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Cantilever tests are destructive and provide the full moment-rotation curve of the closing joint. A 
tri-linear curve is generally fitted to represent the moment-rotation relation derived from a 
cantilever test, though a bi-linear curve may suffice when looseness of the connection is 
minimised. 
Portal tests are typically non-destructive and performed at service loads and therefore, only the 
initial part of the average moment-rotation curve of the opening and closing joints is obtained. The 
initial part of the moment-rotation curve is generally linear. 
Figure 3-18 shows the measured moment-rotation curve of a cantilever test, portal frame test and 
full-scale test for a certain joint configuration. Several reasons contribute to the different stiffness 
and strength behaviours observed. Harris [4] associated the stiffer behaviour obtained from the 
portal frame test when compared to the stiffness obtained from the cantilever test to the fact that 
unlike the latter, portal frame tests take into account the effect of opening joints which according 
to cyclic tests present a stiffer behaviour. Additionally, joints in real frames are more heavily 
restrained by the beams than in simple cantilever tests and may carry increased moment 
associated with the bearing of the end plates on the uprights.  
The aforementioned results pose the question of, which one of the different moment-rotation 
curves obtained from the available connection tests should be incorporated in the FE model to 
attain accurate results.  
In order to determine the correct approach, the previous four FE models were reanalysed with 
different moment-rotation curves: R – Rigid, L – Linear, based in the initial stiffness of the 
cantilever test, C – Bi-linear as obtained from the cantilever test, SP – Bi-linear, scaling the 
stiffness of the cantilever test by the ratio between the portal frame test and the initial cantilever 
test stiffnesses (as illustrated by the dashed line in Figure 3-18 with scaling factors equalling 3.6 
and 4.25 for the 3-tang and 4-tang configurations, respectively)  and S4-6 – Bi-linear, scaling the 
stiffness of the cantilever test by factors from 4 to 6. The calibrated FE model based on the 
average moment-rotation curve measured during the full-scale test was used as benchmark. 
 
 
Figure 3-18 – Moment-rotation curves for different tests on the same joint configuration. 
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Figure 3-19 shows the load-displacement behaviour for Frame II considering different moment-
rotation curves (for ease of visualisation, series S4-6 results are not plotted). Table 3-3 
summarises the results in terms of ratios between failure loads (or displacements) obtained for 
each joint model and the benchmark models. These load and displacement ratios are represented 
by p and d, respectively. 
 
 
Table 3-3 – Influence of joint moment-rotation curve on storage rack strength (p) and 
displacement (d). 
Frame R L C SP S4 S5 S6 
ID p [-] d [-] p [-] d [-] p [-] d [-] p [-] d [-] p [-] d [-] p [-] d [-] p [-] d [-] 
I 2.600 0.843 1.075 4.804 0.570 1.216 0.800 0.568 0.816 0.515 0.851 0.569 0.876 0.485 
II 1.643 0.747 0.753 3.228 0.529 1.478 0.941 0.988 0.924 1.017 0.983 0.916 1.029 0.811 
III 1.701 0.615 0.753 2.475 0.524 1.141 0.952 0.691 0.941 0.770 1.001 0.691 1.045 0.592 
IV 1.693 0.699 0.733 2.890 0.502 1.528 0.954 0.831 0.936 0.858 0.995 0.814 1.038 0.729 
Average 1.910 0.726 0.828 3.349 0.531 1.341 0.912 0.770 0.904 0.790 0.957 0.748 0.997 0.654 
CoV 0.242 0.131 0.199 0.304 0.053 0.142 0.082 0.235 0.066 0.265 0.075 0.201 0.081 0.220 
 
As expected the assumption of rigid joints leads to quite optimistic strength predictions. Assigning 
the elastic (L) or the bi-linear (C) model based on the cantilever test also leads to poor strength 
predictions and, in the case of the L-model, unrealistic frame displacements. The scaling of the 
cantilever test moment-rotation curve to either the portal frame results (SP-model) or by factors 
of 4, 5 and 6 (S4, S5 and S6-models) increases the accuracy of the strength predictions and for a 
factor of 6, an almost perfect agreement is achieved. 
The results show that storage rack frames are sensitive to joint stiffness, and the cantilever test is 
not a suitable method to quantify the joint behaviour in a full-scale storage rack frame. Thus, an 
enhanced methodology was developed where the results of a cantilever test are scaled to the 
initial stiffness of a portal frame test to take into account redundancy and the dual effect of 
opening and closing joints. Overall, a good albeit slightly conservative agreement with the 
benchmark FE model was obtained. 
 
Figure 3-19 – Influence of joint moment-rotation relations on the load-displacement curve of 
Frame II. 
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In this doctoral thesis, all subsequent FE models of storage rack frames use joint moment-rotation 
curves obtained according to the aforementioned methodology. 
A measure of model uncertainty is provided by Table 3-4 where failure loads of the full-scale tests 
(instead of benchmark numerical predictions) are directly compared with numerical predictions of 
counterpart FE models created according to the proposed methodology. Additionally to the four 
full-scale tests by Harris, data includes results of two full-scale tests carried out by Trouncer [164]. 
Trouncer also conducted cantilever and portal frame tests and produced scaled moment-rotation 
curves using the methodology proposed in this section. This moment-rotation curve was then 
incorporated in the FE models used to analyse the tests. For the six frames, actual-to-numerical 
failure load presented a mean of 1.13 and a coefficient of variation of 0.065. 
Modelling choices were also studied and validated through a sensitivity study on the influence of 
yield stress, out-of-plumb, cross-aisle bracing, mesh refinement and upright perforations. 
- Yield stress - FE models of the four full-scale tests with yield stress values of 360 MPa, 430 
MPa and 600 MPa were analysed and compared with the benchmark FE model which 
assumes a yield stress of 510 MPa. Statistics are shown in Table 3-5 where it can be 
observed that the effect of yield stress is small with variations less than 2 % and confirms 
that typical storage rack failure modes are not strongly dependent on inelastic material 
properties. 
- Out-of-plumb imperfection - FE models with out-of-plumb imperfections of 2.25 mm 
(H/2000) and 4.50 mm (H/1000) at the top of the four calibration frames were analysed 
and compared with the benchmark FE model which does not consider out-of-plumb. 
Statistics are displayed in Table 3-5 where it can be observed that for this particular case 
the effect is insignificant with variations less than 1.5 %.  
 
Table 3-4 – Numerical model uncertainty for storage rack frames. 
ID Source/Author Frame ID Ptest Pnum1 Ptest/Pnum 
[-] [-] [-] [kN] [kN] [-] 
1 Harris (2006) 1-1 20.30  16.34 1.242 
1-2 47.89  43.62 1.098 
1-3 46.13  42.63 1.082 
1-4 45.37  40.90 1.109 
2 Trouncer (2014) 2-1 199.30  166.28 1.199 
2-2 136.10  129.43 1.052 
1 - By scaling Cantilever Test to Portal Test results  
 
Average 1.130 
Standard 
Deviation 
0.074 
CoV 0.065 
 
- Mesh - FE models with a finer mesh – M1 – and coarser mesh – M2 - of the four frames 
were analysed and compared with the benchmark FE models. Mesh M1 was defined by an 
approximate element size of 10 mm for the beams and 7.5 mm for the uprights leading to 
a mesh with 1266009 elements which compares to the benchmark model featuring 63262 
3. Finite Element Modelling of Cold-formed Steel Structures 
 57  
elements. Mesh M2 was defined by a single approximate element size of 30 mm leading to 
a mesh with 37529 elements. Statistics are displayed in Table 3-5 where it can be 
observed that all three mesh densities are in close agreement for the particular 
configuration considered. 
- Cross-aisle bracing - In order to assess the efficiency of the bracing system, FE models 
with continuous bracing (out-of-plane displacement restrained continuously along the 
length of the upright), as opposed to a point bracing (out-of-plane displacement restrained 
at given points along the length of the upright), were analysed. Statistics are shown in 
Table 3-5 where it can be observed that the ultimate strength capacity is considerably 
increased by a continuous bracing and thus, continuous bracing overestimates the strength 
of the storage rack.  
- Upright perforations - FE models of the four frames without considering perforations were 
analysed and compared with the benchmark FE models. Statistics are displayed in Table 3-
5 where it can be observed that the effect is not pronounced with variations less than 2 %. 
This observation is not in accordance with Sarawit and Pekoz’ study on the form factor Q 
[149] and it may be explained by a lesser influence of local/distortional buckling on the 
ultimate capacity of the frames. To trigger the effect of distortional buckling, FE models 
with upright thickness of 1.2 mm were analysed with and without perforations. Statistics 
are displayed in Table 3-5 and it can be observed that for this thickness, the strength of 
the FE model without perforation is on average noticeably higher (9.1%) than the strength 
of FE model with perforations and thus, perforations should be taken into account, 
especially for uprights with slender sections. 
 
3.9.2 Cold-formed Portal Frames 
 
Three full-scale tests on cold-formed portal frames performed by Zhang [3] at The University of 
Sydney were used to validate the developed FE model. Although other full-scale tests were 
reported in the literature [160, 188, 206-208], ease of access to detailed and complete 
information justified this option. 
 
Table 3-5 – Influence of modelling parameters on the storage rack strength (p) and 
displacement (d). 
Statistics 
Yield stress Out-of plumb imperfection 
fy = 360 MPa fy = 430 MPa fy = 600 MPa δmax=H/2000 δmax=H/1000 
p [-] d [-] p [-] d [-] p [-] d [-] p [-] d [-] p [-] d [-] 
Average 0.983 1.002 0.995 1.010 1.002 1.001 0.994 1.012 0.988 1.023 
CoV 0.014 0.023 0.003 0.012 0.002 0.002 0.001 0.006 0.003 0.032 
 Mesh Continuous 
bracing No perforations 
No perforations 
(t=1.2 mm)  M1 M2 
 p [-] d [-] p [-] d [-] p [-] d [-] p [-] d [-] p [-] d [-] 
Average 1.000 1.034 1.005 1.006 1.311 0.821 1.017 0.981 1.091 1.103 
CoV 0.001 0.019 0.002 0.013 0.043 0.038 0.005 0.031 0.027 0.031 
 
All tests were performed on single-bay pitched roof portal frames with back-to-back double 
channel members. The span length was equal to 8.0 metres and the height of apex and eaves 
equalled 5.0 metres and 4.0 metres, respectively. 
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The nominal cross-section of the channel section used for the columns was 220 mm deep, 80 mm 
wide, 1.2 mm thick and 30 mm deep lips while the nominal cross-section of the channel section 
used for the beams was 220 mm deep, 76 mm wide, 1.9 mm thick and 20 mm deep lips as per 
Figure 3-20. The reported thickness measurements showed deviations from the nominal value of 
less than 0.05 mm. The apex and eave joint connections consist of 6 mm thick brackets bolted to 
webs and flanges of the back-to-back channels in bolt groups composed of three rows per 
member. 
 
 
Figure 3-20 – Cross-section of column and rafter of portal frames tested by Zhang [3]. 
 
In terms of loading, two load cases were considered: (i) two vertical loads applied on the rafter at 
a constant rate until failure and (ii) in-plane horizontal load applied on the right eave followed by 
two vertical loads applied on the rafter at a constant rate until failure. The former was used for 
Frame I and II while the latter was used for Frame III. The layout and a photo of the tested 
frames are presented in Figures 3-21a and 3-21b. 
In the FE model, the geometry of columns, rafters and brackets was modelled using a mesh with 
an approximate element size of 20 mm and 30 mm for columns and rafter, respectively, resulting 
in a total of 27363 shell elements.  
The back-to-back interaction between channel webs was modelled with point-fasteners located in 
the web and spaced 500 mm longitudinally and 130 mm transversally. The fasteners couple the 
translational degrees of freedom of the web nodes near the fastener. Additionally, a surface-to-
surface contact was created with a ‘hard’ normal behaviour which limits penetration along the 
interface. 
Coupon tests were performed by Zhang and the results were used to derive a true stress – 
logarithmic plastic strain relation that was then incorporated in the numerical model. The nominal 
properties were a Young’s modulus of 200 GPa and a yield stress of 550 MPa. 
Frame out-of-plumb and sectional imperfections of both columns were measured and incorporated 
in the numerical model as per Table 3-6. 
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Table 3-6 –Geometric imperfections of portal frames tested by Zhang [3]. 
 
 Frame I Frame II Frame III 
Column Left  Right  Left Right Left Right 
Out-of-plumb [rad] 1/333 1/308 1/500 1/500 1/571 1/500 
Local [mm] 0.33 0.58 0.35 0.82 0.45 0.43 
Distortionall [mm] 0.66 0.81 0.45 135 1.42 0.98 
 
Regarding boundary conditions, all tests had pinned joints at the base and several out-of-plane 
restraints along the columns and the rafters which were modelled as detailed earlier. The effect of 
loading plates was considered by creating RIGID BODY constraints on the rafter locations where 
vertical load was applied. 
As for the joint stiffness, component tests on apex and eave joints were carried out and average 
moment-rotation curves were derived and incorporated in all joints of the FE model. 
 
 
 
Figure 3-21 – Portal frames tested by Zhang [3]: a) Layout, b) Test apparatus. 
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The numerical analysis of the FE model varied with the loading scheme. For Frames I and II, a 
single step analysis consisting of a geometric and material non-linear failure analysis based on the 
modified Riks method was carried out under the action of two concentrated vertical loads applied 
on the rafters. For Frame III, a two-step analysis was carried out: in the first step, a geometric 
and material non-linear analysis was conducted considering only the effect of a 0.7 kN horizontal 
load applied on the right eave; in the second step a geometric and material non-linear failure 
analysis based on the modified Riks method was carried out under the action of two concentrated 
vertical loads applied on the rafters. It should be noted that the defined numerical analysis reflects 
the test procedure. 
Figure 3-22 shows the developed FE model of the cold-formed portal frames tested by Zhang. 
 
 
Figure 3-22 – FE model of Zhang’s tested portal frames. 
 
The failure mode common to all experimental tests was frame sway buckling triggered by local and 
distortional buckling which was correctly predicted by the numerical analyses. Table 3-7 
summarises the main results of the numerical analyses and experimental tests. 
 
Table 3-7 – Numerical model uncertainty for cold-formed portal frames. 
ID Source/Author Frame ID Ptest Pnum Ptest/Pnum 
[-] [-] [-] [kN] [kN] [-] 
1 Zhang (2014) 1-1 87.00  89.21 0.975 
1-2 76.00  75.30 1.009 
1-3 76.00  81.75 0.930 
    Average 0.971 
    Standard Deviation 0.040 
    CoV 0.041 
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Considering that no detailed information is available regarding actual geometry of member cross-
section (except for a few thickness measurements), member geometric imperfections and 
observed joint stiffness behaviour during the tests, numerical results seem to display a reasonably 
satisfactory overall agreement with test results albeit optimistic. The ratio test-to-numerical failure 
loads presents a mean and coefficient of variation of 0.971 and 0.41, respectively. 
However, it is worthwhile to notice that results suggest that the test procedure is not strictly 
reproduced by the FE model which may be due to missing information on the test and/or that not 
all features involved in the failure mechanism of the tested frames are captured by the FE models. 
Frame III displays the largest difference between actual failure load and numerical strength 
prediction with the latter being optimistic by over 7%.  
Additionally, from the results it appears that, unlike storage rack frames, moment-rotation curves 
as obtained from component tests seem to reproduce the actual behaviour of cold-formed portal 
frames. However, because of the lack of further tests and lack of data on the actual joint 
behaviour, a more definitive conclusion cannot be drawn and it will be prudent to use a larger 
coefficient of variation for the numerical-to-test failure load ratio. 
Considering the above remark, a sensitivity study was carried out to assess the effect of joint 
stiffness and column thickness on the numerical strength prediction in order to further validate the 
FE model. Additionally, the effect of back-to-back interaction modelling scheme were also studied. 
- Joint stiffness - FE models of the three full-scale tests were reanalysed with moment-
rotation curves with 0.75 and 1.25 of the reference initial stiffnesses and compared with 
the test results. Statistics are shown in Table 3-8 where it can be observed that the effect 
is quite irrelevant with the ratio of numerical-to-experimental failure load ranging from 
0.940 to 0.952 
- Column thickness – FE models of the three full-scale tests were reanalysed with the 
thickness of columns varying by 10% of the nominal thickness and compared with the test 
results. Statistics are shown in Table 3-8 where it can be observed that the effect is 
considerable with the ratio numerical-to-experimental failure load ranging from 0.825 to 
1.113. 
- Back-to-back interaction – FE models of the three full-scale tests were reanalysed with a 
tie constraint between webs of the back-to-back channels as opposed to point fasteners 
spaced about 500 mm. Statistics are shown in Table 3-9 where it can be observed that the 
modelling of web constraint may reduce the ultimate load by 2.5%. 
 
Table 3-8 – Influence of non-measured strength parameters on the portal frames strength. 
Statistics 
Thickness Joint stiffness 
1.1 Tn 0.9 Tn 1.25 K0 0.75 K0 
Ptest/Pnum [-] Ptest/Pnum [-] Ptest/Pnum [-] Ptest/Pnum [-] 
Average 0.825 1.113 0.940 0.952 
CoV 0.044 0.042 0.043 0.043 
 
Table 3-9 – Influence of back-to-back interaction – Point fasteners/Surface-to-surface tie. 
 Back-to-back Interaction (Point-fasteners/Surface-to-surface tie) 
 Pfasteners/Ptie [-] 
Average 0.996 
CoV 0.018 
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The results show that: (i) the nominal joint stiffness is characteristic of an effectively rigid joint 
and thus, small variations of stiffness do not affect significantly the strength; (ii) column thickness 
affects significantly the portal frames capacity and brings the possibility that the actual cross-
dimensions justify the non-negligible difference between numerical strength predictions and actual 
observed failure loads and, (iii) modelling back-to-back channels interactions by a continuous tie 
as opposed to point-fasteners delivers similar strength predictions. 
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4 RANDOM VARIABLES 
 
This chapter details on the random variables influencing the strength of a cold-formed steel 
structural system.  
The strength of a steel structural system is a result of geometric characteristics and material 
properties of both components and assembly. Strength itself is also dependent on the type of 
loading to which the structural system is subject to. 
Table 4-1 identifies the main factors to consider when estimating the strength of a steel structural 
system. 
 
Table 4-1 - System characteristics and properties and, loading scheme. 
System characteristics and properties 
Geometric Physical/Material 
- Layout of structural system (number 
of bays and storeys, bay spans, 
storey heights, bracing 
configuration); 
- Boundary conditions (Number and 
location of supports, type of 
supports); 
- Actual dimensions of each member 
cross-section and their variation 
along the length; 
- Bow, camber and twist deformation 
of each member; 
- Local and distortional shaped cross-
section imperfections; 
- Member localized deformation 
(localized dents) 
- Out-of-plumb of the system. 
- Material properties: Stress-strain 
behaviour and variation along the length 
and cross-section; 
- Residual stresses magnitude and 
pattern; 
- Other material properties: Fatigue and 
toughness and  behaviour and variation 
along the length and cross-section; 
- Semi-rigid behaviour of connections; 
- Stiffness of foundations; 
- Durability; 
- Vibration modes/periods and damping 
behaviour of the system. 
Loading scheme 
- Direction of the loading: horizontal, vertical or a combination of both; 
- Load patterns; 
- Nature of the load: static or dynamic; 
- Duration of the load: Instantaneous (impact, explosion), short duration (earthquake, 
fire, total imposed load, thermal variations) or long duration (self-weight, super-imposed 
load, quasi-permanent fraction of the imposed load); 
- Load transmission to the structure: direct contact load, ground load and environmental 
load. 
 
From the above enumerated factors, geometric characteristics and material properties are deemed 
intrinsic to the system while loading factors are considered external to the system.  
Focusing on the intrinsic factors, they are defined in terms of magnitude and distribution, and their 
relative impact on the system overall strength varies explicitly with failure mode of the system. 
For instance, initial out-of plumb and Young’s modulus are expected to have a greater influence on 
a frame prone to fail elastically in a sway mode rather than in a frame prone to fail by the 
formation of plastic hinges at the beams. Conversely, the yield stress is expected to follow the 
inverse trend. 
Typically, and for a certain loading and structural system, experienced structural engineers may 
anticipate which intrinsic factors will have a greater influence on the system strength but for an 
effective quantification of the role that each factor plays, a sensitivity analysis is required.  
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During the design process, the structural engineer develops a structural solution for a certain 
problem that complies with safety, functional, economical and, to a smaller extent, aesthetic 
requirements. 
The developed solution is based on a set of considerations regarding the system characteristics 
that define the so-called nominal model and, subsequently, yield the estimated nominal strength.  
These considerations typically take the format of nominal values, which then take into account 
parameters established by the structural engineer as the type of steel employed (defined by yield 
stress, Young’s modulus, failure stress, ductility), steel profiles used (defined by shape and 
dimensions of the cross-section) or connection typology (defined by number of bolts, stiffness and 
capacity of the connection), and elements related to erection and manufacturing practices as the 
assumed maximum deviation of the perfect geometry (imperfections), homogeneity of the steel 
profile or the quality of the assemblage process.  
Certain values present little to no variability and are considered deterministic variables while other 
values present a certain degree of variability and are considered random variables.  
Due to the randomness of the latter, a set of structural systems with the exact same nominal 
configuration returns a strength distribution with a certain scatter and statistical features as 
opposed to a single value of strength.  
In order to achieve the aim of understanding and deriving strength distributions for different cold-
formed steel structural systems, an essential step becomes to define and establish the statistical 
properties of the random variables with influence on the strength. The following pages concern the 
most relevant random variables and how they were considered in this study. Within the scope of 
this thesis, only factors relevant to static or quasi-static analyses are considered. 
 
4.1 MATERIAL PROPERTIES 
 
Before statistically defining the random variables associated the cold-formed steel properties, it is 
important to emphasize that a cold-formed steel member is manufactured from a typically hot-
rolled thin flat sheet formed by either cold-form rolling or press-braking, and thus, with the 
exception of the areas of the cross-section near the corners, where cold-forming work was 
performed, the steel properties are exactly the same of the virgin hot-rolled thin flat plate. 
By increasing the number of corners, intermediate stiffeners or lips, a greater portion of the cross-
section becomes affected by the cold-forming work and thus, a greater variation of the original 
steel properties may be found within the cross-section. This variation is materialised by a greater 
yield stress and less ductility observed in the corners (phenomenon known as corner strength 
enhancement) and the emergence of non-negligible residual stresses. 
For reasons explained with a greater detail in Section 2.7.2, many authors believe that effects of 
cold-forming work on the virgin hot-rolled steel – corner strength enhancement and residual 
stresses - will tend to cancel each other and thus, the expected greater yield stress will be 
somehow balanced by the residual stresses that arise from the cold-forming process [56, 150, 
169, 170]. Furthermore, if it is assumed that the result of these opposing two phenomena is such 
that the behaviour and strength of the member are not affected by them, it is safe to assume that 
the behaviour and strength of the system is equally not affected by them. 
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In this thesis, it was assumed that the effects of cold-forming work do, in fact, cancel each other 
and therefore, the statistical parameters presented and used on the reliability studies are those of 
hot-rolled steel in thin flat sheets. 
 
4.1.1 Yield stress 
 
Yielding is defined as the plastic deformation experienced by a steel specimen during a tensile (or 
compressive) test under constant stress (with reference to the original cross-section area). In a 
typical stress-strain curve for hot-rolled steel, it is represented by the flat portion after the elastic 
range) and the corresponding stress is called yield-stress level.  
The point of maximum stress prior to entering the plastic range often does not coincide with the 
yield stress-level and it is called upper yield point as per Figure 4-1. 
 
 
Figure 4-1 – Stress-strain curve of steel. 
 
The yield stress-level is structurally more significant than the upper yield point since its existence 
for relatively large average strains with no appreciable change in stress is used in design methods 
based on inelastic analysis, which often makes the assumption that the stress is constant and 
equal to the yield stress across yield portions of the cross-section [209]. 
When a sharp-yielding behaviour is not observed, steel stress-strain curves present a gradual-
yielding behaviour (due to cold-forming work or heat treatments) illustrated by a rounding out of  
the curve at the ‘knee’ zone. In these cases, yield strength is commonly defined by the stress at 
which the stress-strain curve intersects a line parallel with the initial linear portion of the curve but 
offset by a strain of 0.002. 
Thus, yield stress has a broad definition that includes yield-stress level, upper yield point or yield 
strength as defined herein. 
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Yield stress can affect immensely the strength of structural members and systems since it 
represents the stress for which a significant loss of material stiffness occurs and may lead to the 
structural failure. Hence, strength equations of members included in steel standards tend to 
explicitly consider the value of yield stress as the nominal yield stress. 
The nominal yield stress is a distinctive attribute of each steel grade of steel and, for instance, the 
European steel grades S235, S275, S355 and S460 identify structural steel with nominal yield 
stresses of 235 MPa, 275 MPa, 355 MPa and 460 MPa, respectively. 
The definition of nominal yield stress seems to vary with the specifications according to which the 
steel was produced. For steels produced according to European Specifications, nominal yield stress 
is defined as the characteristic yield stress, i.e., the value of yield stress for which the probability 
of exceedance is equal to 95% [210, 211]. For steels produced according to American 
Specifications (ASTM series) [209], nominal yield stress is the specified minimum yield stress, i.e., 
it is the value of yield stress that manufacturers have the obligation to exceed for a certain steel 
type. 
Due to uncertainty in the chemical composition of the alloys, manufacturing techniques and 
environmental variables, yield stress shows a non-negligible level of variation that has to be taken 
into account in a reliability study of either component or system.  
Therefore, in reliability studies, yield stress has to be modelled as a random variable with fitting 
statistical properties - probability distribution, mean and coefficient of variation, followed by an 
assessment of the difference to nominal yield stress.  
Several studies were carried out with the purpose of defining the statistical variation of yield stress 
and the results reported are: 
(i) Rang and co-workers [195] analysed the results of 4225 tests carried out on steel sheets and 
stripes from three manufacturing companies and concluded that the yield stress displayed a mean 
of 1.1 times the nominal yield stress (as per American and Australian Standards) and a coefficient 
of variation of 0.1.  
A small remark for the fact that the observed mean was actually equal to 1.17 times the nominal 
yield stress but a reduction to 1.1 was suggested to take into account that sample coupons were 
taken from the ends of the coils and tests were performed at the ASTM permissible maximum 
strain rate (and thus, overestimating the static value of yield stress). 
No suggestion was made regarding a fitting statistical distribution. These results are 
replicated/reproduced by the reference document A58 Standard [196]. 
(ii) Ellingwood, Galambos and co-workers [198, 212-214] reproduce the results from Rang and co-
workers for cold-formed steel and suggest that a lognormal distribution estimates adequately the 
yield stress distribution. For hot-rolled steel, the yield stress was reported as displaying a mean of 
1.05 times the nominal yield stress and a coefficient of variation of 0.11. Hsiao and co-workers 
[197] calibrated AISI design provision for cold-formed steel structures assuming that yield stress 
presented a mean-to-nominal ratio of 1.1 with a coefficient of variation of 0.1. 
(iii) Other independent American research teams have carried out more recent studies to update 
statistics for the commercially dominant ASTM A992 and A572 hot-rolled steels: Frank and Read 
[215] reported 13536 tests from flange flat-strap specimens (A572) with a mean-to-nominal ratio 
of 1.097 and a coefficient of variation of 0.089, Jacques and Frank [216] performed 59 tests from 
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flange flat-strap specimens (A572) with a mean-to-nominal ratio of 1.088 and a coefficient of 
variation of 0.071, Dexter and co-workers [217] analysed an extensive database from Structural 
Shape Producers Council with over 20000 tests on flange flat-strap specimens (A992) and 
confirmed that a lognormal distribution fits adequately yield  stress distribution. A mean-to-
nominal yield stress of 1.116 and a coefficient of variation of 0.058 were reported. Bartlett and co-
workers [218] used the results of 131 tests on flange flat-strap specimens (A992) to obtain a 
mean-to-nominal ratio of 1.10 and a coefficient of variation of 0.056. 
(iv) On “Section 1 – Properties of structural steels and effects of steelmaking and fabrication 
states” from the Structural Steel Designer’s Handbook [219], Brockenbrough writes that yield 
stress of plates presents a mean-to-nominal ratio of 1.1 and a coefficient of variation of 0.11. 
(v) American Standard AISI S100-2007 [191] proposes on chapter F that an explicit determination 
of resistance factor may be carried out based on a yield stress with a mean-to-nominal ratio of 1.1 
and coefficient of variation of 0.1.  
(vi) Byfield and Nethercot [220, 221] undertook a study to validate the assumptions behind 
Eurocode 3 calibration. Referring to yield stress, these assumptions are based on probabilistic 
studies dated from the 70’s [222, 223] and state that yield stress distribution may be adequately 
fitted by a lognormal distribution with a coefficient of variation (CoV) equal to 0.07 and nominal 
yield stress taken as the characteristic value – probability of exceedance of 95 % [224] - which 
corresponds to a ratio mean-to-nominal yield stress of 1.125 (for the standard steel grades) 
Byfield’s study made use of recent results from two major European steel manufacturers which 
included 7660 mill tests on flanges of hot-rolled profiles where material properties were quantified.  
These mill tests seem to indicate that a lognormal distribution is a reasonable approximation for 
yield stress distribution specifically if reclassified specimens (sub-par specimens for which the steel 
grades were downgraded) are neglected. The coefficient of variation is equal to 0.05 and the 
mean-to-nominal yield stress is equal to 1.37 and 1.16 for flanges with thicknesses less than 10 
mm and greater than 10 mm, respectively.  
(vii) The Joint Committee on Structural Safety (JCCS) published in 2001 the document Probabilistic 
Model Code [225] where it compiled the results of their efforts to develop a probabilistic-based 
code. The clauses on steel were based on works carried out between 1972 and 1994 in hot-rolled 
steel only and proposed that yield stress should be modelled by a lognormal distribution with a 
coefficient of variation of 0.07 and a mean defined by equation 4-1.  
 
𝜇𝑓𝑦 = 𝛼 ∙ 𝑓𝑦𝑠𝑝 ∙ 𝑒−0.07𝑢 − 𝐶         [4-1] 
 
Where fysp is the code specified nominal value, α is a spatial position factor (a=1.05 for webs of 
hot-rolled steel and a=1.0 otherwise), u is a factor related to the fractile of the distribution used to 
describe the distance between the code nominal value and the mean value (for steel produced 
according to the relevant European standards this value is found to range between -1.5 to -2.0) 
and C is a constant reducing the yield strength as obtained from usual mill tests to the static yield 
strength (20 MPa is a recommended value for typical strain loading rates). 
(viii) Melcher and co-workers [226] analysed a large sample of Czech produced steel plates of 
undefined thickness. For European grade S235, 5493 samples were considered and the yield stress 
presented a mean-to-nominal ratio of 1.21 and coefficient of variation of 0.076 while for European 
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grade S355, 1089 samples were considered and the yield stress presented a mean-to-nominal 
ratio of 1.11 and coefficient of variation of 0.065. The study recommends a Hermite four-
parameter distribution as the optimum statistical fit. No information is provided on the strain 
loading rate of the material tests. In 2009, Kala and co-workers [227] updated the statistical 
properties on Czech steel plates of grade S355. For 2138 samples of thickness between 4 and 16 
millimetres, the yield stress presented a mean-to-nominal ratio of 1.16 and a coefficient of 
variation of 0.068. For 1368 samples of thickness between 16 and 40 millimetres, the yield stress 
presented a mean-to-nominal ratio of 1.11 and a coefficient of variation of 0.064. For 689 samples 
of thickness between 40 and 100 millimetres, the yield stress presented a mean-to-nominal ratio 
of 1.11 and a coefficient of variation of 0.072. No recommended statistical distribution is 
suggested but normal, lognormal and Hermite were considered. 
(ix) Simões da Silva and co-workers [228] reported results of coupon tests performed at 
Universidade de Coimbra from 2000 to 2007. The sample included coupons extracted from hot-
rolled steel profiles and steel plates with different thicknesses and steel grades. 
For hot-rolled steel the mean-to-nominal ratio of yield stress varied between 1.29 to 1.44 and the 
coefficient of variation varied between 0.08 and 0.10. For the steel plates with a thickness less or 
equal to 10 millimetres, yield stress presented a mean-to-nominal ratio of 1.09 and a coefficient of 
variation of 0.04, while for steel plates with a thickness greater than 10 millimetres, yield stress 
mean-to-nominal ratio varied between 1.17 and 1.19 and the coefficient of variation was equal to 
0.01. A bi-normal distribution is proposed as the best fit for the results. 
Table 4-2 sums up the abovementioned main results according to the source. 
All reliability studies included in this doctoral thesis assume that yield stress follows a lognormal 
distribution with a mean-to-nominal ratio of 1.1 and a coefficient of variation of 0.1 as per AISI 
S100-2007. 
 
4.1.2 Young’s Modulus 
 
Young’s Modulus or modulus of elasticity is the initial slope of a stress-strain curve. On typical hot-
rolled steel, slope remains constant until a stress level close to yield point while on steels 
displaying gradual yielding as cold-formed steel, slope remains constant to a fraction of yield point. 
The point of the stress-strain curve where the slope begins to differ from Young’s modulus is the 
transition point between elastic range and plastic range, i.e., the point from which unloading will 
not return the specimen to its initial configuration. This residual deformation is called plastic 
deformation and it arises from the fact that unloading curve has a constant slope equal to negative 
Young’s modulus. 
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Table 4-2 – Statistical properties of yield stress. 
Source/Author Material Distribution Mean CoV 
[-] [-] [-] [MPa] [-] 
Rang et al, 1978 Steel strips and 
sheets 
- 1.10 x Fy 0.10 
Ellingwood, Galambos et al, 1978-
1990, A58 -1980 
Hot-rolled steel 
(flange) 
Lognormal 1.05 x Fy 0.10 
Hot-rolled steel 
(web) 
Lognormal 1.10 x Fy 0.11 
Cold-formed steel Lognormal 1.10 x Fy 0.10 
Construction Manual Steel plates - 1.10 x Fy 0.11 
Frank and Read, 1993 Hot-rolled steel 
(flange) 
- 1.097 x Fy 0.089 
Jacques and Frank, 1999 Hot-rolled steel 
(flange) 
- 1.088 x Fy 0.071 
Dexter et al, 2000 Hot-rolled steel 
(flange) 
Lognormal 1.116 x Fy 0.058 
Bartlett et al, 2003 Hot-rolled steel 
(flange) 
Lognormal 1.10 x Fy 0.056 
AISI S100-2007 Cold-formed steel - 1.10 x Fy 0.10 
Alspen, 1972-1977 and Sedlacek 
et al, 1989 
Hot-rolled steel Lognormal 1.125 x fsyk 0.07 
Byfield and Nethercot, 1996 Hot-rolled Steel (t > 
10 mm) 
Lognormal 1.16 x fsyk 0.046 
Hot-rolled Steel (t < 
10 mm) 
Lognormal 1.37 x fsyk 0.053 
JCSS, 2001 Hot-rolled steel Lognormal 
𝛼 ∙ 𝑓𝑦𝑠𝑝 ∙ 𝑒
−0.07𝑢
− 𝐶 0.07 
Melcher et al., 2001 Steel plates S235 Hermite 1.21 x fsyk 0.076 
Steel plates S355 Hermite 1.11 x fsyk 0.065 
Kala et al., 2009 Hot-rolled steel (t < 
16 mm) 
- 1.16 x fsyk 0.068 
Simões da Silva et al., 2009 Hot-rolled steel Bi-normal (1.29 to 
1.44) x fsyk 
0.08 to 
0.10 
Steel plates S690 (t 
≤10 mm) 
- 1.09 x fsyk 0.01 
Steel plates S690 (t 
> 10 mm) 
- (1.17 to 
1.19) x fsyk 
0.01 
Where Fy is the specified minimum yield stress (American and Australian nominal yield stress definition), fsyk 
is the characteristic yield stress (European nominal yield stress). JCSS’s equation is detailed on Section 4.1.1. 
 
Along with member and/or system geometry, Young’s modulus is the primary factor on elastic 
behaviour of structures and, as consequence, on elastic failures by sectional, member or frame 
buckling. These types of failures tend to be predominant on cold-formed steel structures due to 
slenderness of composing member and hence, it becomes of high relevance to take into account 
the variability of Young’s modulus on reliability studies of either member or system. Similarly to 
yield stress, Young’s modulus has to be modelled as a random variable with fitting statistical 
properties – probability distribution, mean and coefficient of variation, followed by an assessment 
of the difference to nominal/design Young’s modulus. 
The value of nominal Young’s modulus seems to vary with the specifications according which steel 
was produced. For steels produced according to European Specifications, nominal Young’s modulus 
is equal to 210 GPa [210, 211]. For steels produced according to American Specifications (ASTM 
series) [209], nominal Young’s modulus is equal to 203 GPa (29500 ksi). For steels produced 
according to Australian Specifications, nominal Young’s modulus is equal to 200 GPa [189].  
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Several studies were carried out with the purpose of defining the statistical variation of Young’s 
modulus and the results reported are the following: 
(i) Ellingwood, Galambos and co-workers [212, 213] reported for hot-rolled steel that Young’s 
modulus presented a mean-to-nominal ratio of 1.0 and a coefficient of variation of 0.06 and 
suggest that a lognormal distribution fit adequately the Young’s modulus distribution. These 
results are replicated/reproduced by the reference document A58 Standard [196] 
(ii) Hsiao and co-workers [197] calibrated AISI design provision for cold-formed steel structures 
assuming that Young’s modulus presented a mean-to-nominal ratio of 1.0 with a coefficient of 
variation of 0.06. American Standard AISI S100-2007 [191] proposes on chapter F that an explicit 
determination of resistance factor may be carried out based on a Young’s modulus with a mean-to-
nominal ratio of 1.0 and coefficient of variation of 0.06.  
(iii) Bartlett and co-workers [218] collected the results of 119 flat-strap tensile test specimens 
from hot-rolled profiles and obtained a mean-to-nominal ratio of 0.993 and coefficient of variation 
of 0.034. 
(iv) In the Probabilistic Model Code developed by Joint Committee on Structural Safety [225], it is 
proposed that Young’s Modulus should be modelled by a lognormal distribution with a coefficient of 
variation of 0.03 and a mean-to-nominal ratio of 1.0. 
(v) Kala and co-workers [227] refer to results from Fukumoto and co-workers [229] and [230] to 
assume that Young’s modulus should be modelled by a normal distribution with a mean-to-nominal 
ratio of 1.0 and a coefficient of variation of 0.06. 
(vi) Rogers and Hancock [231] reported tensile coupon tests in G550 sheet steels and obtained for 
a mean-to-nominal ratio and coefficient of variation of Young’s modulus of 1.10 and 0.052, 
respectively. 
(vii) Simões da Silva and co-workers [228] reported results of coupon tests performed at 
Universidade de Coimbra from 2000 to 2007. The sample included coupons extracted from hot-
rolled steel profiles and steel plates with different thicknesses and steel grades. 
For steel grade S235, a sample of 12 tests presented a Young’s modulus with a mean-to-nominal 
ratio of 0.984 and a coefficient of variation of 0.028; for steel grade 275, a sample of 39 tests 
presented a Young’s modulus with a mean-to-nominal ratio 0.978 and a coefficient of variation 
0.064; for steel grade S355, a sample of 33 tests presented a Young’s modulus with a mean-to-
nominal ratio 1.0 and a coefficient of variation of 0.061. 
Table 4-3 sums up the abovementioned main results according to the source. 
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Table 4-3 – Statistical properties of Young’s modulus. 
Source/Author Material Distribution Mean CoV 
[-] [-] [-] [GPa] [-] 
Ellingwood, Galambos et al, 1978-1982, 
A58 -1980 
Hot-rolled steel 
(flange) 
Lognormal 1.0 x En 0.06 
Hsiao et al., 1988 Cold-formed steel - 1.0 x En 0.06 
AISI S100-2010 Cold-formed steel - 1.0 x En 0.06 
Bartlett et al, 2003 Hot-rolled steel Lognormal 0.993 x 
En 
0.034 
JCSS, 2001 Hot-rolled steel Lognormal 1.0 x En 0.03 
Kala et al., 2009 Hot-rolled steel Normal 1.0 x En 0.06 
Rogers et al., 2009 G550 steel sheets - 1.1 x En 0.052 
Simões da Silva et al., 2009 Hot-rolled steel 
S235 
- 0.984 x 
En 
0.028 
Hot-rolled steel 
S275 
- 0.978 x  
En 
0.064 
Hot-rolled steel 
S355 
- 1.0 x En 0.061 
 
All reliability studies included in this doctoral thesis assume that Young’s modulus has a nominal 
value of 200 GPa and follows a normal distribution with a mean-to-nominal ratio of 1.0 and a 
coefficient of variation of 0.06 as per AISI S100-2007. 
 
4.1.3 Ultimate stress 
 
Ultimate stress is defined as the maximum stress value of the stress-strain curve prior to failure. 
Structurally, it is less significant than yield stress since unlike the latter, it is followed by a 
deterioration of the material strength resistance until the failure point. Steel specifications typically 
avoid defining the strength of members as a function of ultimate stress except for components 
expected to experience large deformations before the failure of member or system, for example 
bolts, welds or tension members. 
Similarly to yield stress, nominal ultimate stress is a distinctive attribute of each steel grade of 
steel. Several studies were carried out with the purpose of defining the statistical variation of 
ultimate stress and the results reported are the following: 
(i) Rang et al. [195] analysed the results of 4225 tests carried out on steel sheets and stripes from 
three manufacturing companies and concluded that the ultimate stress displayed a mean of 1.1 
times the nominal ultimate stress (as per American and Australian Standards) and a coefficient of 
variation of 0.08. No suggestion was made regarding a fitting statistical distribution. These results 
were used by Hsiao and co-workers [197, 198] to calibrate AISI design provision for cold-formed 
steel structures assuming that ultimate stress may be adequately estimated by a lognormal 
distribution. 
(ii) Ellingwood, Galambos and co-workers [212, 213] reported that for hot-rolled steel, ultimate 
stress should be modelled by a lognormal distribution with a mean-to-nominal ratio of 1.1 and a 
coefficient of variation of 0.11. These results are replicated/reproduced by the reference document 
A58 Standard [196]. 
 (iii) Other independent American research teams carried out more recent studies to update 
statistics for the commercially dominant ASTM A992 and A572 hot-rolled steels: Frank and Read 
[215] reported 13536 tests from flange flat-strap specimens (A572) with a mean-to-nominal ratio 
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of 1.163 and a coefficient of variation of 0.082, : Jacques and Frank [216] performed 59 tests 
from flange flat-strap specimens (A572) with a mean-to-nominal ratio of 1.113 and a coefficient of 
variation of 0.04, Dexter and co-workers [217] analysed an extensive database from Structural 
Shape Producers Council with over 20000 tests on flange flat-strap specimens (A992) and 
confirmed that a lognormal distribution fits adequately yield  stress distribution. A mean-to-
nominal ultimate stress of 1.13 and a coefficient of variation of 0.051 were reported. Bartlett and 
co-workers [218] used the results of 131 tests on flange flat-strap specimens (A992) to obtain a 
mean-to-nominal ratio of 1.101 and a coefficient of variation of 0.051. 
(iv) In the Probabilistic Model Code developed by Joint Committee on Structural Safety [225], it is 
proposed that ultimate stress should be modelled by a lognormal distribution with a coefficient of 
variation of 0.04 and a mean-to-nominal ratio of B that is dependent on the type of steel (1.5 for 
structural carbon steel, 1.4 for low alloy steel and 1.1 for quenched and tempered steel). 
(v) In his doctoral thesis [220], Byfield analysed 7660 mill tests on flanges of hot-rolled steel 
profiles from two major European steel manufacturers where material properties were quantified. 
For grade S275, a sample of 4095 mill tests presented a ultimate stress with a mean-to-nominal 
ratio of 1.11 and a coefficient of variation of 0.029; for grade S355, a sample of 1914 mill tests 
presented a ultimate stress with a mean-to-nominal ratio of 1.04 and a coefficient of variation of 
0.030; for grade S460, a sample of 672 mill tests presented a ultimate stress with a mean-to-
nominal ratio of 1.13 and a coefficient of variation of 0.037. 
(vi) Melcher and co-workers [226] analysed a large sample of Czech produced steel plates of 
undefined thickness. For European grade S235, 5493 samples were considered and the ultimate 
stress presented a mean-to-nominal ratio of 1.17 and coefficient of variation of 0.046 while for 
European grade S355, 1089 samples were considered and the yield stress presented a mean-to-
nominal ratio of 1.11 and coefficient of variation of 0.044.  
(vii) The team led by Simões da Silva at the Universidade de Coimbra [228] reported results of 
coupon tests performed from 2000 to 2007. The sample included coupons extracted from hot-
rolled steel profiles and, steel plates with different thicknesses and steel grades. Ultimate stress 
presented a mean-to-nominal ratio varying between 1.09 to 1.27 and a coefficient of variation 
ranging between 0.05 and 0.06. For the steel plates with a thickness less or equal to 10 
millimetres, ultimate stress presented a mean-to-nominal ratio of 1.04 and a coefficient of 
variation of 0.04 while for steel plates with a thickness greater than 10 millimetres, ultimate stress 
mean-to-nominal ratio varied between 1.09 and 1.15 and the coefficient of variation was equal to 
0.01. 
Table 4-4 sums up the abovementioned main results according to the source. 
For reasons explained on Chapter 3, reliability studies included in this doctoral thesis did not make 
use of ultimate stress and thus, no definitive assumption was made regarding the statistical 
properties of ultimate stress. Future studies may consider a probabilistic model for ultimate stress 
based on a lognormal distribution with a mean-to-nominal ratio of 1.1 and a coefficient of variation 
of 0.08 (or lower for higher steel grades). 
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4.1.4 Ultimate elongation 
 
Ultimate elongation is defined as the value of strain when the maximum material stress is reached. 
It provides a measure of material ductility and it is typically not used by steel Standards for 
strength predictions in static or quasi-static analyses. Several studies were carried out with the 
purpose of defining the statistical variation of ultimate elongation and the results reported are the 
following: 
(i) Rang et al. [195] analysed the results of 4225 tests carried out on steel sheets and stripes from 
three manufacturing companies and concluded that the ultimate elongation displayed a mean of 
1.4 times the nominal elongation  and a coefficient of variation of 0.25. No suggestion was made 
regarding a fitting statistical distribution. 
(ii) In the Probabilistic Model Code developed by Joint Committee on Structural Safety [225], it is 
proposed that ultimate elongation should be modelled by a lognormal distribution with a coefficient 
of variation of 0.06 and a mean-to-nominal ratio of 1.0. 
 
Table 4-4 – Statistical properties of ultimate stress. 
Source/Author Material Distribution Mean CoV 
[-] [-] [-] [MPa] [-] 
Rang et al, 1978 Steel strips and sheets - 1.10 x Fu 0.08 
Elingwood, Galambos 
et al, 1978-1982, A58 
-1980 
Hot-rolled steel (flange) Lognormal 1.10 x Fu 0.11 
Hsiao et al., 1988-
1990 
Cold-formed steel Lognormal 1.10 x Fu 0.08 
Frank and Read, 1993 Hot-rolled steel (flange) - 1.163 x Fu 0.082 
Jacques and Frank, 
1999 
Hot-rolled steel (flange) - 1.113 x Fu 0.040 
Dexter et al, 2000 Hot-rolled steel (flange) - 1.13 x Fu 0.044 
Bartlett et al, 2003 Hot-rolled steel (flange) - 1.101 x Fu 0.051 
Byfield and 
Nethercot, 1996 
Hot-rolled Steel S275 - 1.11 x Fu 0.029 
Hot-rolled Steel S355 - 1.04 x Fu 0.030 
Hot-rolled Steel S460 - 1.13 x Fu 0.037 
Melcher et al., 2001 Hot-rolled steel plates 
S235 
- 1.17 x Fu 0.046 
Hot-rolled steel plates 
S355 
- 1.11 x Fu 0.044 
Simões da Silva et 
al., 2009 
Hot-rolled steel - (1.09 to 1.27) x 
Fu 
0.05 to 
0.06 
Steel plates S690 (t ≤10 
mm) 
- 1.04 x Fu 0.04 
Steel plates S690 (t > 10 
mm) 
- (1.09 to 1.15) x 
Fu 
0.01 
 
(iii) Melcher and co-workers [226] analysed a large sample of Czech produced steel plates of 
undefined thickness For European grade S235, 5493 tests were considered and the ultimate 
elongation presented a mean of 0.38 and coefficient of variation of 0.082 while for European grade 
S355, 1089 tests were considered and the yield stress presented a mean of 0.31 and coefficient of 
variation of 0.094.  
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 (iv) From the work produced at Universidade de Coimbra, Simões da Silva and colleagues [228] 
reported results of coupon tests from 2000 to 2007. The sample included coupons extracted from 
hot-rolled steel profiles and steel plates with different thicknesses and steel grades. 
For steel grade S235, a sample of 10 tests presented ultimate elongation with a mean of 0.32 and 
a coefficient of variation of 0.156; for steel grade 275, a sample of 12 tests presented a ultimate 
elongation with a mean of 0.30 and a coefficient of variation 0.225; for steel grade S355, a sample 
of 33 tests presented a ultimate elongation with a mean of 0.26 and a coefficient of variation of 
0.232; for steel grade S690, a sample of 20 tests presented a ultimate elongation with a mean of 
0.17 and a coefficient of variation 0.091. 
Table 4-5 sums up the abovementioned main results according to the source. 
For reasons explained on Chapter 3, reliability studies included in this doctoral thesis did not make 
use of ultimate elongation and thus, no assumption was made regarding the statistical properties 
of ultimate elongation. Future studies may consider a probabilistic model for ultimate elongation 
based on a lognormal distribution with a mean-to-nominal ratio of 1.4 and a coefficient of variation 
of 0.20 (or lower for higher steel grades). 
 
Table 4-5 – Statistical properties of ultimate elongation. 
Source/Author Material Distribution Mean CoV 
[-] [-] [-] [-] [-] 
Rang et al, 1978 Steel strips and sheets - 1.4 x εun 0.25 
JCSS, 2001 Hot-rolled steel Lognormal εun 0.06 
Melcher et al., 2001 Hot-rolled steel plates S235 - 0.38 0.082 
Hot-rolled steel plates S355 - 0.31 0.094 
Simões da Silva et al., 2009 Hot-rolled steel S235 - 0.32 0.156 
Hot-rolled steel S275 - 0.30 0.225 
Hot-rolled steel S355 - 0.26 0.232 
Hot-rolled steel S690 - 0.17 0.091 
 
4.2 FABRICATION TOLERANCES 
 
4.2.1 Sectional tolerances 
 
Cross-section geometry and dimensions have tremendous influence on the strength and stability 
cold-formed steel members and systems since they have a direct effect on stress distribution and 
magnitude and, member/system stiffness.  
Hence, strength equations of members included in steel standards tend to explicitly consider 
geometric properties as area or moment of inertia in the shape of nominal geometric properties. 
Design procedures imply most commonly the definition of the adequate cold-formed profile rather 
than modifying steel grade or structural system. 
The nominal geometry of cold-formed steel members is provided by manufacturers and nominal 
dimensions tend to equal the expected values obtained from the production lane. However, actual 
dimensions seem to display a certain level of variability due to uncertainty on manufacturing 
processes and environmental variables.  
Tolerance limits for the deviation from the nominal of each dimension are defined by the relevant 
Standards as EN1090-2, EN15512, AISC303-10 or AS/NZS1365 [205, 232-234].  
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Although there are some studies described in the literature on the variability of cross-sectional 
dimensions, the main focus seems to have been given to hot-rolled profiles (in particular, I-
shapes) with only a few studies assessing the variability of thickness of cold-formed profiles being 
available. 
In order to assess and define the geometric variability of cold-formed cross-sections, a study was 
carried out that included: 
(i) Per sectional shape, surveying actual cold-formed cross-section dimensions from well-
documented papers. 
(ii) Per set of results, determining mean and standard deviation for the actual-to-nominal ratio of 
each dimension. Mean and standard deviation are given by equations 4-2 and 4-3, respectively. 
 
𝜇𝑋 = ∑ 𝑋𝑖𝑛𝑖=1𝑛           [4-2] 
𝜎𝑋 = �∑(𝑋𝑖−𝜇𝑋)𝑛−1           [4-3] 
 
(iii) Per sectional shape and taking into account the number of profiles measured, obtain a 
weighted mean and pooled standard deviation of the actual-to-nominal ratio of each dimension. 
Weighted mean and pooled standard deviation are given by equations 4-4 and 4-5 [235], 
respectively. 
 
𝜇𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 = ∑ 𝑛𝑖∙𝜇𝑖𝑘𝑖=1∑ 𝑛𝑖𝑘𝑖=1          [4-4] 
 
𝜎𝑃𝑜𝑜𝑙𝑒𝑑 = �∑ �𝜎𝑖2∙(𝑛𝑖−1)�𝑘𝑖=1  ∑ 𝑛𝑖𝑘𝑖=1 −𝑘          [4-5] 
 
Tables 4-6 to 4-10 summarise the results and Figures 4-2a to 4-2e identify the relevant 
dimensions for channels, hat-sections, square/rectangular hollow sections, angles and Z-sections. 
 
The following studies report cross-section variability on cold-formed structures: 
(i) Rang and co-workers [195] analysed the results of 1436 measurements carried out on steel 
sheets and strips from three manufacturing companies and concluded that the thickness displayed 
a mean equal to the nominal thickness (as per American and Australian Standards) and a 
coefficient of variation of 0.05. No suggestion was made regarding a fitting statistical distribution. 
(ii) American Standard AISI S100-2007 [191] proposes in chapter F that an explicit determination 
of resistance factor may be carried out based on section properties with a mean-to-nominal ratio 
of 1.0 and coefficient of variation of 0.05.  
(iii) A report was written to AISC where 896 thickness measurements of cold-formed square hollow 
sections from three American manufacturers were taken and main statistical parameters were 
obtained. Actual-to-nominal thickness ratio presented a mean of 0.964 and a coefficient of 
variation of 0.040 and it fits adequately a normal distribution [236]. 
 
 
  
Table 4-6 – Survey of sectional dimensions variation for cold-formed channels. 
Channel section Height - h Width - b Lip width - d Thickness - t Angle flange-web - α 
Angle flange-lip - 
β 
Author/Source Measurements µmean/nom CoV  µmean/nom CoV  µmean/nom CoV  µmean/nom CoV  µmean/nom CoV  µmean/nom CoV  
Lau, 1990 [41] 3 1.030 0.011 1.015 0.030 0.978 0.020 0.993 0.009     
Young, 
1997[111] 22 0.999 0.011 1.029 0.006   0.981 0.006     
Young, 1997 
[111] 21 1.013 0.003 1.024 0.005 1.033 0.024 0.952 0.005     
Dubina, 2002 
[56] 2 1.002 0.007 1.003 0.004   1.000 0.010     
Dubina, 2002 
[56] 2 0.999 0.002 0.999 0.002 1.004 0.017 0.997 0.005     
Yu, 2003 [68] 24 1.003 0.007     1.057 0.061     
Wang, 2009 
[237] 24 0.987 0.010 1.014 0.009 1.036 0.039       
Vieira, 2011 
[238] 72 1.018 0.008 1.018 0.009   1.023 0.033     
Zeinoddini, 2011 
[170] 21 0.999 0.006 1.011 0.026 0.948 0.105 1.040 0.025 0.997 0.019 1.037 0.042 
Pham, 2012 
[239] 24 1.006 0.005 1.009 0.016 1.010 0.063       
COMBINED RESULTS 1.008 0.008 1.017 0.013 1.007 0.062 1.012 0.035 0.997 0.019 1.037 0.042 
 
Table 4-7 – Survey of sectional dimensions variation for hat rack sections. 
Hat rack section Height - h Width - b Lip width - d Thickness - t 
Author/Source Measurements µmean/nom CoV  µmean/nom CoV  µmean/nom CoV  µmean/nom CoV  
Lau, 1990 [41] 3       0.987 0.014 
Lau, 1990 [41] 3       0.992 0.016 
Gilbert, 2009 [240] 2 0.97      0.995 0.015 
Casafont, 2011 [241] 20       1.018 0.016 
Roure, 2011 [242] 2       1.008 0.017 
COMBINED RESULTS 0.97      1.005 0.017 
 
Table 4-8 – Survey of sectional dimensions variation for angle sections. 
Angles Long leg width – d1 Short leg width – d2 Thickness - t 
Author/Source Measurements µmean/nom CoV  µmean/nom CoV  µmean/nom CoV  
Popovic, 2001 [243] 11     0.969 0.019 
  
 
 
Table 4-9 – Survey of sectional dimensions variation for square/rectangular hollow sections. 
Square/Rectangular Hollow Section Height Width Thickness 
Author/Source Measurements µmean/nom CoV  µmean/nom CoV  µmean/nom CoV  
Yang, 2004 [244] 98 1.034 0.024     
Young, 2005 [245] 9 1.000 0.007 1.000 0.009 0.992 0.040 
Zhou, 2005 [246] 15 1.001 0.004 0.971 0.006 0.973 0.032 
Young, 2006 [247] 24 1.002 0.002 1.002 0.006 0.996 0.036 
Jandera, 2008 [248] 14 1.000 0.002 1.001 0.002 0.969 0.065 
Ali and Tomko, 2012 [249] 3 1.038 0.002 1.030 0.003 1.063 0.014 
Huang, 2013 [250] 38 1.005 0.004 1.007 0.006 1.004 0.012 
COMBINED RESULTS 1.018 0.018 1.000 0.006 0.994 0.034 
 
Table 4-10 – Survey of sectional dimensions variation for Z-sections. 
Z-section Height Width Lip width Thickness 
Author/Source Measurements µmean/nom CoV  µmean/nom CoV  µmean/nom CoV  µmean/nom CoV  
Yu, 2003 [68] 26 0.995 0.004     0.989 0.016 
Nguyen, 2006 [251] 14       0.999 0.004 
COMBINED RESULTS 0.995 0.004     0.993 0.013 
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a) b) c) 
 
 
d) e) 
Figure 4-2 – Nomenclature of cold-formed cross-sections: a) channel-section, b) hat-section, c) 
angle, d) square/rectangular hollow section and e) Z-section. 
 
From the aforementioned results, it may be observed that regardless of the cross-section shape 
and dimension, the mean-to-nominal ratio tend to be approximately 1.0. With the exception of 
thickness and lip width, dimensions present low values of coefficient of variation. Thickness and lip 
width present coefficient of variations of approximately 0.05 but it is worthwhile to highlight that 
the combined length of flange and lip widths presents a low value of coefficient of variation and 
thus, it may be deemed almost deterministic. 
With the exception of thickness, reliability studies included in this doctoral thesis assume that 
sectional dimensions are deterministic with a value equal to the nominal value. Thickness is 
assumed to follow a normal distribution with a mean-to-nominal ratio of 1.0 and a coefficient of 
variation of 0.05 as per AISI S100-2007.  
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4.2.2 Layout and other tolerances 
 
All reliability studies included in this doctoral thesis assume that layout dimensions are 
deterministic with a value equal to the nominal value. Implicitly, variation of the length of member 
is included through the incorporation of geometric imperfections as it may be exemplified by the 
fact that a differential out-of-plumb between adjacent columns necessarily implies a variation of 
the length of the connecting beams. 
 
4.3 GEOMETRIC IMPERFECTIONS 
 
4.3.1 Frame imperfections 
 
Frame imperfection consists of the deviation from the perfect geometry of the overall frame or 
system. Although several types of deviation fall into this category, it is typically associated with a 
sway shaped imperfection and it is defined by an out-of-plumb angle.  
Out-of-plumb has a detrimental effect on system strength capacity since it increases second-order 
effects on the members and triggers sway buckling failures. Hence, steel Standards include 
provisions that impose the explicit consideration of frame imperfections on global frame analysis 
through either an out-of-plumb angle or equivalent notional horizontal forces. 
Table 4-11 presents reference values of the nominal out-of-plumb angle per type of cold-formed 
structure and steel standard. It is not uncommon however that, functional requirements or others 
lead the designer to specify stricter out-of-plumb values and thus, more controlled 
installation/erection procedures. 
 
Table 4-11 – Nominal out-of-plumb angle per steel Standard. 
Type of structure Standard Maximum/nominal out-of-plumb angle  
 [-] [rad] 
Storage rack frames AS4084-2012 
[192] 
1/500 for tolerance grade I 
1/750 for tolerance grade II 
1/1000 for tolerance grade III 
EN15512-2009 
[205] 
1/350 + looseness of connector factor 
ANSI MH16.1-
2012 [194] 
1/240 
Cold-formed structures (in 
general) 
AS/NZS4600 
[189] 
1/500 
EN1993-1-1 
[210, 252] 
1/2001 
AISI S100-10 
[191] 
1/500 
1 – An equivalent imperfection that takes into account out-of-plumb imperfections, effect of residual stresses, 
effects of plastic deformations caused by moments according to initial sway imperfections and axial 
compression forces [252]. 
 
Regardless of the quality and control of the techniques employed, erection and installation 
procedures inevitably bring rise to an out-of-plumb initial imperfection with a non-negligible level 
of variation. This uncertainty has to be taken into account in a reliability study of system strength 
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and hence, it is the purpose of this section to present the relevant statistical properties that may 
be used to model out-of-plumb of storage rack frames and cold-formed portal frames as random 
variables with fitting probability distribution, mean and coefficient of variation. 
Since there are no published or publically available data on the out-of-plumb of storage rack 
frames, committee members of American Standard ANSI MH16.1, European Standard EN15512 
and Australian Standard AS4084 were contacted in order to request background information 
justifying out-of-plumb clauses. Replies were issued stating that no statistical studies existed and 
only engineering judgement supported the reference values. 
A large number of manufacturers from Australia, Europe and America were then contacted with a 
request for any raw data and finally, a European company provided several out-of-plumb 
measurements on their installed storage rack frames. The data included a total of 176 
measurements presenting a mean of approximately zero (1/46298) and a standard deviation of 
1/4594 for frames designed with an out-of-plumb tolerance of 1/1000. A normal distribution 
seems to adequately fit the observed measurements. 
Although valuable, these results seem to attest a high quality of execution and since they are 
based on monitored frames from a single European manufacturer, it may be questionable to 
extrapolate the obtained results for any other installed rack frames without further surveys. 
Thus, and based on engineering judgement, it was conservatively decided to consider the nominal 
out-of-plumb value a characteristic value, i.e., the out-of-plumb angle for which the probability of 
exceedance is equal to 5%. Based on a normal distribution, out-of-plumb angle was modelled as a 
random variable with a mean of zero and a standard deviation of 1/980 and 1/1960 for nominal 
out-of-plumb angles of 1/500 and 1/1000. An additional out-of-plumb noise, i.e. the variation of 
out-of-plumb angle between uprights was considered and modelled as random variable following a 
normal distribution with a mean of zero and a standard deviation of 1/4600 (as per measured 
results). Figure 4-3 illustrates the concept of out-of-plumb noise. 
 
 
Figure 4-3 – Definition of out-of-plumb angle: global and noise. 
 
Similar to storage rack frames, no published or publically available data on the out-of-plumb of 
exclusively cold-formed frames (in particular portal frames) seems to exist and thus, several 
contacts were established with committee members of Australian Standard AS/NZS4600 and 
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American Standard AISI S100 and European Standards EN1993-1-1 and EN1090-2 requesting 
background information justifying out-of-plumb clauses.  
Some documents were made available by the EN1090-2 committee but no statistics of exclusively 
cold-formed structures were provided (possibly due to its inexistence) and hence, due to lack of 
more adequate data, statistics of out-of-plumb of general steel structures were used instead. 
Several studies were carried out with the purpose of defining the statistical variation of out-of-
plumb of steel structures and the results reported are the following: 
(i) Baehre and Carlson [253] produced a report for National Swedish Building Research that 
included 980 out-of-plumb measurements on four Swedish steel buildings. Discretised by structure 
type and height, results are presented on Table 4-12. 
(ii) Beaulieu and Adams [254-256] obtained almost 5000 out-of-plumbs measurements from four 
Canadian steel buildings. Discretised by structure type and height, results are presented on Table 
4-12. 
(iii) ECCS Manual of Stability [257] uses 386 measurements carried out on Japanese Kasumigaseki 
tall building. The results are presented Table 4-12. 
(iv) Lindner and co-workers [258-262] developed an extensive survey study of out-of-plumb 
measurements of steel structures. The work was motivated by the need of providing statistical 
background on out-of-plumbs clauses for German steel Standard – DIN18800 – and was later used 
on the development of European Standard 1993-1-1. Over 900 measurements were performed on 
several German steel structures and summary histograms were built. Discretised by structure type 
and height, results are presented on Table 4-12. 
(v) In the Probabilistic Model Code developed by Joint Committee on Structural Safety [225], it is 
proposed that out-of-plumb angle may be modelled by a normal distribution with a mean of zero 
and a standard deviation of 1/667 rads. There is no distinction between steel buildings and 
buildings using other construction materials. 
Considering results from studies (i) to (iv) and assuming out-of-plumb angle with a mean of zero, 
pooled standard deviations were obtained through equation 4-5 for all steel buildings and portal 
frames, respectively. 
All reliability studies included in this doctoral thesis for storage rack frames assume that out-of-
plumb angle is equal to the sum of an overall system out-of-plumb with out-of-plumb noise. 
Overall system out-of-plumb follows a normal distribution with a mean of zero and a standard 
deviation of 1/980 rads (for a nominal out-of-plumb angle of 1/500 rads) while out-of-plumb noise 
follows a normal distribution with a mean of zero and a standard deviation of 1/4600 rads. 
All reliability studies included in this doctoral thesis for portal frames assume that out-of-plumb 
angle is equal to an overall system out-of-plumb and it follows a normal distribution with a mean 
of zero and a standard deviation of 1/610 rads. 
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Table 4-12 – Survey of out-of-plumb results. 
Source/Author Type of building Height Measurements Distribution1 Standard 
Deviation 
[-] [-] [m] [-] [-] [rads] 
Baehre and 
Carlson, 1972 
Two-storey frame 
(transverse) 
11.5 441 - 1/602 
Two-storey frame 
(longitudinal) 
11.5 441 - 1/595 
Three single 
storey-frames 
(transverse) 
≥ 4.5 49 - 1/740 
Three single 
storey-frames 
(longitudinal) 
≥ 4.5 49 - 1/446 
Beaulieu and 
Adams, 1977-1979 
Tall core-braced 
building A 
104 916 Normal 1/617 
Tall core-braced 
building B 
140 1760 Normal 1/578 
Tall core-braced 
building C 
140 1760 Normal 1/588 
Industrial building Undisclosed 561 Normal 1/625 
ECCS Manual of 
Stability based on 
Kasumigaseki Bldg 
Tall building 
w/strict control 
(1st storey) 
(longitudinal) 
4.1 54 - 1/1420 
Tall building 
w/strict control 
(6th storey) 
(longitudinal) 
24.6 72 - 1/3198 
Tall building 
w/strict control 
(11th storey) 
(longitudinal) 
45.1 67 - 1/4059 
Tall building 
w/strict control 
(1st storey) 
(transverse) 
4.1 54 - 1/1325 
Tall building 
w/strict control 
(6th storey) 
(transverse) 
24.6 72 - 1/5400 
Tall building 
w/strict control 
(11th storey) 
(transverse) 
45.1 67 - 1/10900 
Lindner et al, 1983 
- 1993 
Portal Frame 
(transverse) 
4.85 14 Normal 1/640 
Portal Frame 
(transverse) 
5 16 Normal 1/431 
Portal Frame 
(transverse) 
4.5 10 Normal 1/707 
Single-storey 8 
bay frame 
(longitudinal) 
5.25 14 Normal 1/1190 
Single-storey 6 
bay frame 
(longitudinal) 
4.5 10 Normal 1/495 
Two-storey single-
bay frame 
10 5 Normal 1/640 
Two-storey 6-bay 
frame 
76 11 Normal 1/735 
Four-storey 53 3 Normal 1/1330 
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trussed tall tower 
Three-storey 
trussed column 
8.4 3 Normal 1/1320 
JCSS, 2001 Steel or other 
buildings 
Any - Normal 1/667 
Results for all steel buildings 1/610 
Results for steel portal frames 1/605 
 
4.3.2 Member imperfections 
 
Member imperfections consist on the type of deviation of the perfect geometry of the member 
where the cross-section is displaced or rotated as whole, i.e., the geometry of the cross-section 
alters as a ‘rigid body’ without distortion. Typically, member imperfections are associated with 
classical global buckling shapes of strong axis flexure, weak axis flexure, and torsional and are 
referred as camber, bow (or sweep), and twist imperfections as per Figure 4-4. Camber and bow 
imperfections are also termed out-of-straightness imperfections. 
Member imperfections have detrimental effect on the capacity of members since they increase 
second-order effects and trigger member bucking modes which, consequently, decrease the 
system strength. Hence, steel standards include provisions for either explicit consideration of 
member imperfections on global frame analysis or implicit consideration through column (or beam) 
buckling curves. 
Table 4-13 presents reference values of the nominal member imperfections per type of cold-
formed structure and steel standard. 
Regardless of the quality and control of the techniques employed, manufacturing and installation 
procedures inevitably bring rise to initial member imperfections with a non-negligible level of 
variation. This uncertainty has to be taken into account on a reliability study of system strength 
and hence, it is the purpose of this chapter to determine the relevant statistical properties that 
may be used to model member imperfections as random variables with fitting probability 
distribution, mean and coefficient of variation. 
 
 
  
a) b) c) 
Figure 4-4 – Member imperfections: a) bow b) camber and c) twist. 
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Table 4-13 – Nominal member imperfection per steel Standard 
Type of structure Standard Bow and Camber factors  - δ/L Twist factors – 
θ/L 
 [-] [-] [rad/m] 
Storage rack frames AS4084-2012 1/333 for bow factor and 1/200 
for camber factor 
(1/1000 for linear analysis) 
0 
EN15512-2009 1/400 (1 to 1.5) x π 
/180 
ANSI MH16.1-
2012 
1/240 0 
Cold-formed structures 
(in general) 
AS/NZS4600 1/10001  0 
EN1993-1-1 1/100 to 1/3502 0 
AISI S100-10 1/960 0 
1 – Out-of-straightness used for design purposes in AS4100 [94]. 
2 – An equivalent imperfection that takes into account out-of-straightness imperfections, effect of 
residual stresses, effects of plastic deformations caused by moments and axial compression forces 
[252]. 
 
There are plenty of studies on hot-rolled steel members and only to mention a few: Bjorhovde 
work that suggested a mean minor-axis flexural imperfection of L/1470 for I-sections [263], 
Galambos work that suggested a mean out-of-straightness imperfection of L/960 [264] and 
Roorda work that suggested an out-of-straightness with a mean of L/1175 and a standard 
deviation of L/5000 [265]. During the last two decades, several studies were carried out reporting 
and characterising cold-formed member imperfections and, in order to assess and define 
statistically member imperfections, a study was carried out that included: 
(i) Per sectional shape, surveying of actual maximum cold-formed member imperfections in terms 
of absolute values from well-documented papers. 
(ii) Per set of results, determining mean and standard deviation of the maximum member 
imperfection by equations 4-2 and 4-3, respectively. 
(iii) Taking into account the number of profiles measured, obtain a weighted mean and pooled 
standard deviation of maximum value for each type of member imperfection. Weighted mean and 
pooled standard deviation are given by equations 4-4 and 4-5, respectively. 
 
The following document may also be reported: 
(i) In the Probabilistic Model Code developed by Joint Committee on Structural Safety [225], it is 
proposed that out-of-straightness may be modelled by a normal distribution with a mean of zero 
and a standard deviation of L/1000. There is no distinction between steel members. 
 
The statistics obtained on table 4-14 refer to the absolute value of imperfection which does not 
provide any information regarding an eventual directional correlation. In this doctoral thesis, no 
directional correlation was considered, which agrees with results from Zeinoddini [170]. 
 
 
 
4. Random Variables  
 85  
Table 4-14 summarise the results in terms of absolute values for channels and square/rectangular 
hollow sections. 
Table 4-14 – Survey of member imperfection results. 
Source/Author Shape of 
cross-section 
Measurements Camber factor 
(L/d) 
Bow factor 
(L/d) 
Twist ratio 
Mean StDev Mean StDev Mean  StDev 
[-]  [-] [-] [-] [-] [-] [o/ft] [o/ft] 
Dat, 1980 
[266] 
Channels 32 4794 11470 1912 4646 - - 
Mullingan, 
1983 [267] 
Channels 12 - - 2359 1842 - - 
Young, 1997 
[111] 
Channels 31 3673 3984 2715 4475 0.040 0.030 
Dubina, 2002 
[56] 
Channels 4 2510 2829 2462 6655 0.033 0.015 
Shifferaw et 
al., 2010 [268] 
Channels 89 1564 1937 2685 4475 - - 
Rossi, 2010 
[269] 
Channels 23 4578 8403 4444 14190 - - 
Peterman et 
al., 2011 [270] 
Channels 29 1340 3797 1148 4342 0.110 0.060 
Zeinoddini, 
2011 [170] 
Channels 210 3477 5643 2242 3054 0.114 0.074 
Vieira, 2011 
[271] 
Channels 24 1427 2422 2457 5596 - - 
Huang, 2013 
[250] 
Square and 
rectangular 
hollow 
sections 
32 - - 2165 4694 - - 
Results 2490 3318 2243 3597 0.079 0.060 
 In o/m: 0.258  0.196  
 
All reliability studies included in this doctoral thesis assume that the maximum value of member 
imperfections is given by the product of a random variable ‘sign’ and a random variable ‘maximum 
amplitude of relevant member imperfection’. The random variable ‘sign’ randomly assigns a value 
(+1) or (-1), i.e., randomly assigns a positive or negative imperfection direction while the random 
variable ‘maximum amplitude of member imperfection’ follows a normal distribution with a certain 
mean and a standard deviation. For camber imperfection, mean and standard deviation equal 
L/2500 and L/3300, respectively; for bow imperfection, mean and standard deviation equal L/2250 
and L/3500, respectively and finally; for twist imperfection, mean and standard deviation equal 
0.25 deg/m and 0.20 deg/m, respectively. L represents the relevant buckling length. 
 
4.3.3 Sectional imperfections 
 
Sectional imperfections include the type of deviation of the perfect geometry of the member where 
component plates of the cross-section displace or rotate independently, i.e., the cross-section 
seems distorted. Typically, sectional imperfections are associated with either local-shaped and 
distortional-shaped buckling modes. The former is characterized by a deformed shape similar to 
plate flexure without transverse deformation of the lines of intersection of adjoining plates as per 
Figure 4-5a whereas the latter displays a rotation of the flange/web junction (if lips are present) or 
a displacement of the intermediate stiffener normal to the plate of the element as per Figure 4-5b. 
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a) b) 
Figure 4-5 – Sectional geometric imperfections: a) local and b) distortional. 
 
Sectional imperfections have a detrimental effect on member capacity since they increase load 
eccentricity and trigger sectional bucking modes which cause premature failure of members and 
systems. Hence, modern steel standards include provisions for either explicit consideration of local 
imperfections on global frame analysis or implicit consideration through column (or beam) buckling 
curves and/or effective-width provisions. 
Table 4-15 presents reference values of the nominal member imperfections per type of cold-
formed structure and steel standard.  
Regardless of the quality and control of the techniques employed, manufacturing and installation 
procedures inevitably bring rise to initial sectional imperfections with a non-negligible level of 
variation. This uncertainty has to be taken into account on a reliability study of system strength 
and hence, it is the purpose of this section to determine the relevant statistical properties that 
may be used to model sectional imperfections as random variables with fitting probability 
distribution, mean and coefficient of variation. 
 
Table 4-15 – Nominal sectional imperfection per steel Standard. 
Type of 
structure 
Standard Local imperfection Distortional imperfection 
 [-] [mm] [mm] 
Storage rack 
frames 
AS4084-2012 Implicit – Undisclosed 
Explicit – 0.3 x t x√(fy/fol) 
Implicit – Undisclosed 
Explicit – 0.3 x t x√(fy/fod) 
EN15512-2009 Implicit – Undisclosed 
 
Implicit – Undisclosed 
 
ANSI MH16.1-2012 As per AISI S100-10 As per AISI S100-10 
Cold-formed 
structures 
(in general) 
AS/NZS4600 Implicit - Undisclosed Implicit - Undisclosed 
EN1993-1-1 / 
EN1993-1-5 
Implicit – Undisclosed 
Explicit – 0.005 x b 
 
Implicit – Undisclosed 
 
AISI S100-10 Implicit – 0.006 x b 
 
Implicit – t 
 
Where t and b represent plate thickness and plate width, respectively; fy, fol and fod represent yield stress, local 
buckling stress and distortional buckling stress, respectively. 
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During the last two decades, several studies were carried out reporting and characterising cold-
formed sectional imperfections and, in order to assess and define statistically member 
imperfections of cold-formed steel members, a study was carried out that included: 
(i) Per sectional shape, surveying of actual maximum cold-formed sectional imperfections in terms 
of absolute values from well-documented papers as defined by Schafer and Pekoz [147]. 
(ii) Per set of results, determining mean and standard deviation of the maximum sectional 
imperfection by equations 4-2 and 4-3, respectively. 
(iii) Taking into account the number of profiles measured, obtain a weighted mean and pooled 
standard deviation of maximum value of local and distortional imperfections. Weighted mean and 
pooled standard deviation are given by equations 4-4 and 4-5, respectively. 
Table 4-16 summarises the results in terms of absolute values for channels and hat sections. 
 
Table 4-16 – Survey of local imperfection results. 
Source/Author Shape of cross-
section 
Measurements Local 
Imperfection 
Distortional 
imperfection 
Mean StDev Mean StDev 
[-] [-] [-] [mm] [mm] [mm] [mm] 
Dat, 1980 [266] Channels and 
Hats 
41 0.420t 0.720t - - 
Mullingan, 1983 
[266] 
Channels 12 0.400t 0.330t - - 
Mullingan, 1983 
[266] 
- 45 - - 2.140t 1.290t 
Lau, 1990 [41] Channels 45 - - 0.790t 0.270t 
Kwon, 1992 [42] Channels 11 0.550t 0.220t - - 
Kwon, 1992 [42] Channels 33 - - 0.680t 0.300t 
Young, 1997 [111] Channels 31 0.480t 0.150t 0.470t 0.170t 
Dubina, 2002 [56] Channels 4 0.224t 0.119t 0.750t 0.220t 
Wang, 2009 [237] Channels 24 - - 1.360t 0.350t 
Shifferaw, 2010 
[268] 
Channels 88 0.280t 0.070t 0.260t 0.490t 
Vieira, 2011 [271] Channels 24 0.306t 0.282t 0.350t 0.850t 
Peterman, 2012 
[272] 
Channels 30 0.480t 0.170t 0.890t 0.210t 
Results 0.375t 0.34t 0.81t 0.62t 
Where t represents plate thickness. 
 
The following studies report sectional imperfection variability on cold-formed members: 
(i) On his doctoral thesis, Schafer studied the problem of defining statistically significant sectional 
imperfections [147]. Using results from previously published papers, he obtained that maximum 
amplitude of local imperfections presents a mean of 0.50t and a standard deviation of 0.66t 
whereas the maximum amplitude of distortional imperfections presents a mean of 1.29t and a 
standard deviation of 1.07t. 
(ii) Zeinoddini [170] added results from recent studies to ones used earlier by Schafer and 
obtained that: maximum amplitude of local imperfections presents a mean of 0.47t and a standard 
deviation of 0.62t whereas maximum amplitude of distortional imperfections present a mean of 
1.03t and a standard deviation of 0.97t. They seem to reflect an overall improvement on 
manufacturing processes. 
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Similar to member imperfections, no directional correlation was taken into account while modelling 
sectional imperfections.  
All reliability studies included in this doctoral thesis assume that the maximum value of sectional 
imperfections is given by the product of a random variable ‘sign’ and random variable ‘maximum 
amplitude of relevant sectional imperfection’. The random variable ‘sign’ randomly assigns a value 
(+1) or (-1), i.e., randomly assigns a positive or negative imperfection direction while the random 
variable ‘maximum amplitude of member imperfection’ follows a normal distribution with a certain 
mean and a standard deviation. For local imperfection, mean and standard deviation equal 0.375t 
and 0.34t, respectively and, for distortional imperfection, mean and standard deviation equal 0.81t 
and 0.62t with t representing plate thickness. 
 
4.4 JOINT STIFFNESS 
 
Within the domain of cold-formed structures, a great majority of joints exhibits a rather different 
behaviour than that idealised as pinned or rigid. The ideal pinned behaviour implies that no 
bending moment can be transmitted between connected elements, i.e., the connection has no 
rotational stiffness. The ideal rigid behaviour implies that bending moments can be transmitted 
without any relative rotation between connected members, i.e., the connection displays infinite 
rotational stiffness. Between the former and latter behaviour, there is a wide range of intermediate 
behaviours where actual cold-formed joint behaviours fall into. 
In terms of a system behaviour it is still valid to consider that: if a joint is quite flexible – for 
instance, connection through an angle web cleat between cold-formed members – it will still 
display an intermediate behaviour, but a pin assumption will not alter significantly the overall 
results or conversely, if a joint is quite stiff – for instance, connection between cold-formed 
members through a thick I-shaped bracket/gusset with rows of numerous bolts both in flanges and 
webs – it will still display an intermediate behaviour, but a rigid assumption may not alter 
significantly the overall results. However, the aforementioned scenarios are not common either by 
the fact that an extremely stiff joint may not be feasible or economical and an almost pinned joint 
may turn the structure into a mechanism and hence, for general cold-formed structures which 
depend heavily on joint stiffness to provide lateral stability, semi-rigid behaviour has to be taken 
into account on the overall response of the system. 
Unlike connections in hot-rolled steel structures, design guidelines for connections in cold-formed 
steel are limited to fundamental behaviour or performance requirements [189, 191-193, 205]. 
Reasons include the high variety of configurations of connections and number of phenomena 
involved on the resistant mechanism of a thin-walled connection and as such, most steel standards 
demand testing to be carried out and included in analysis and design procedures. 
For moment-resisting frames such as the ones studied in this doctoral thesis, true semi-rigid 
behaviour of a cold-formed joint can be incorporated within global analysis of the structure by 
using the moment-rotation curve in a convenient manner. This topic was developed on Chapter 3. 
Regardless of the quality and control of the techniques employed, manufacturing and installation 
procedures inevitably bring rise to a non-negligible level of variation on joint semi-rigid behaviour. 
This uncertainty has to be taken into account on a reliability study of system strength and hence, 
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the following sections describe the methodology used to define statistically this uncertainty for 
cold-formed joints in storage rack frames and portal frames as well as the main results that were 
afterwards used in all reliability studies. 
 
4.4.1 Storage Rack Joints/Mechanical Interlocking Joints 
 
Storage rack joints are materialised by an interlock mechanism where a welded beam-end 
connector engages directly with upright perforations by a tang-based system. Alternative systems 
have been proposed where bolts are added to the joint scheme. 
Chapter 3 described and developed a methodology to use the moment-rotation curve as obtained 
from a cantilever test in frame global analysis. This earlier step enables the change of focus from 
obtaining statistical variability of the joint semi-rigid behaviour on a frame system to obtaining 
statistical variability of the joint semi-rigid behaviour on a cantilever test, for which unlike the 
former, numerous data is available. 
As obtained from a cantilever test, a moment-rotation curve until failure seems to be adequately 
fitted by a bi-linear relation which considering origin as a fixed point, simplifies the definition of the 
moment-rotation curve to two transition points – (θ1, M1) and (θ2, M2) – and therefore, resumes a 
study on the variability of semi-rigid behaviour of connections in storage rack frames to a study on 
the variability of four parameters. 
As per available data and to author’s knowledge there are no documents concerning statistical 
variability of semi-rigid behaviour of storage rack joints which leads to the need of developing 
statistics based on the available test data.  
The Centre for Advanced Structural Engineering at The University of Sydney holds a large 
collection of results from cantilever tests performed on connections characteristic of storage rack 
frames between 1998 and 2012 which is complemented by published cantilever tests performed by 
numerous researchers. In total, 175 well-documented moment-rotation curves from cantilever 
tests were analysed. 
The first step consisted in obtaining a fitting bi-linear relation to the moment-rotation curve of 
each test and extracting the rotation and moment at the two transition points – θ1, θ2, M1 and M2 
as per Figure 4-6. 
 
 
Figure 4-6 – Transition points of the moment-rotation curve of the semi-rigid joint. 
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The second step consisted of grouping the results per identical configuration of connection and 
then, normalising all four parameters of the tests to the mean value of the parameter for each 
configuration. For a reason of statistical significance, only joint configurations with four or more 
tests were included in the process of obtaining a fitting statistical distribution and associated 
standard deviation. 
The third step consisted in plotting distribution histograms for each parameter and using the 
algorithm of the commercially available statistical software Easyfit to draw conclusions on the most 
adequate statistical for each histogram. 
Table B-1 of appendix B includes absolute and normalised θ1, θ2, M1 and M2 parameters for each 
test while Figure 4-7 shows histograms for the normalised parameters. 
 
 
a) 
 
b) 
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c) 
 
d) 
Figure 4-7 – Histograms for normalised parameters of semi-rigid joint behaviour: a) Moment 1 – 
M1, b) Moment 2 – M2, c) rotation 1 – θ1 and d) rotation 2 –θ2. 
 
The collected data seems to indicate a greater statistical agreement between a lognormal 
distribution and the variability of the joint parameters rather than one of the normal distribution 
(Assessed via Kolmogorov-Smirnov goodness of fit index). 
It is worthwhile to mention that the possibility of defining a nominal model based on physical 
characteristics of the connection and measure the variability of semi-rigid behaviour parameters to 
nominal ones was analysed but unfortunately, it was concluded that the correlation between 
physical characteristics of the joint and the parameters of semi-rigid behaviour are too scattered to 
derive a mathematical relation. Figures 4-8a to 4-8c display the variation of initial joint stiffness 
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plotted against geometric characteristics of the respective joints. Such scatter may be explained 
by the variety of possible configurations and different resistant mechanisms within the connections 
of storage rack frames. 
 
  
a) b) 
 
c) 
Figure 4-8 – Initial stiffness plotted against: a) Beam Height, b) Upright Thickness and c) Product 
of Beam Height and Upright Thickness. 
 
Based on the aforementioned remarks, all reliability studies included in this doctoral thesis assume 
that semi-rigid behaviour of storage rack joints is defined by a bi-linear moment-rotation relation 
based on four parameters and the variation to mean of those parameters was modelled as a 
random variable following a lognormal distribution with a mean of 1.0 and a coefficient of variation 
as given by Table 4-17. The nominal semi-rigid joint behaviour was taken as the one defined by 
the parameters mean. 
The outcome may be better visualised as per Figure 4-9. 
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Table 4-17 – Coefficient of variation for semi-rigid joint behaviour parameters of storage racks. 
Semi-rigid parameter Coefficient of variation [-] 
θ1 0.14 
θ2 0.17 
M1 0.08 
M2 0.07 
 
 
Figure 4-9 – Randomly generated semi-rigid behaviour scheme. 
 
4.4.2 Portal Frame Joints/Bolted Joints 
 
Portal frame joints are typically materialised by bolted systems. There are multiple configurations 
that range from direct connections – for instance, web-to-web bolted connection – to angle cleat 
connections – where L-shaped elements connect plates of adjacent members – or bracket/gusset-
based connections – where thick plates serve as stiff interface between plates of the connecting 
members.  
In Chapter 3, it was shown that unlike mechanical interlocking joints, component tests describe 
satisfactorily the moment-rotation curves of joints within a system. As obtained from a joint 
component test, moment-rotation curve seems to be adequately fitted by a tri-linear relation with 
a bi-linear relation being enough to describe the semi-rigid behaviour of the joint until failure.  
None of the reliability studies included in this doctoral thesis targets joint failure and thus, at 
failure, joints tend to be on the first or second section of the moment-rotation curve. The study on 
the variability of semi-rigid behaviour of joint in portal frames reduces to a study on the variability 
of the bi-linear moment-rotation curve through its four parameters. 
For reasons, explained below the four parameters chosen were M1, M2, K1 and K2 (Moment at 
transition point 1, moment at transition point 2 (failure), initial stiffness/slope until transition point 
1 and stiffness/slope between transition points 1 and 2) as per Figure 4-6. 
As per available data, and to the best of author’s knowledge, there are no documents concerning 
statistical variability of semi-rigid behaviour of cold-formed portal frame joints and despite the 
existence of published data on tests of cold-formed portal frame joints, there are not many 
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multiple test results for identical joint configurations. These remarks contribute to create 
significant hurdles on the task of defining statistically the variability of the semi-rigid behaviour of 
joints in cold-formed portal frame. 
Similarly to storage rack frame joints, an attempt was made to define a nominal model based on 
portal frame joint physical characteristics and measure the variability of semi-rigid behaviour 
parameters to nominal ones, but unfortunately, it was concluded that the correlation between 
physical characteristics of the connection and semi-rigid behaviour parameters is too scattered to 
derive a mathematical relation. Figures 4-10a and 4-10b display the variation of initial joint 
stiffness plotted against geometric characteristics of the respective joints. Once again, it may be 
explained by the variety of possible configurations and different resistant mechanisms. 
 
 
a) 
 
b) 
Figure 4-10 – Initial stiffness plotted against: a) Beam Depth and b) Column Thickness. 
 
Lacking more appropriate documentation, the following studies were used as a basis to establish 
the statistical variation of semi-rigid behaviour of cold-formed portal frame joints: 
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(i) Bjorhovde and co-workers [273, 274] reported for hot-rolled steel connections that ultimate 
moment capacity presents a coefficient of variation of 0.18 and initial stiffness presents a 
coefficient of variation of 0.25. 
(ii) Rauscher and Gerstle [275] carried out two series of tests on identical joint configurations from 
six manufacturers. The joints consisted on two web-angle connections between two hot-rolled I-
section profiles using tensioned bolts. For series 1 consisting of 24 joints and assigning the 
moment-rotation curve parameters as secant stiffness, elastic moment and ultimate moment 
(moment at maximum permissible rotation) the following statistics were observed: secant stiffness 
presented a coefficient of variation of 0.368; elastic moment presented a coefficient of variation of 
0.212 and ultimate moment presented a coefficient of variation of 0.184. For series 2 consisting of 
12 joints where a thick angle connector was employed, the following statistics were observed: 
secant stiffness presented a coefficient of variation of 0.142; elastic moment presented a 
coefficient of variation of 0.161 and ultimate moment presented a coefficient of variation of 0.134. 
(iii) In his doctoral thesis, Zhang [3] carried out joint component tests on cold-formed portal frame 
joints. The project included tests on four apex joints and two eave joints for which moment-
rotation curves were obtained and fitted to a tri-linear relation. For apex joint, coefficients of 
variation of 0.087, 0.086, 0.232 and 0.042 were obtained for M1, M2, K1 and K2, respectively. For 
eave joints, only two joints were tested which led to the dismissal of the results. 
The author’s work on connections of storage rack systems concluded that lognormal distributions 
fit the variation to mean of joint semi-rigid parameters. 
Adding engineering judgement to the aforementioned results, it was decided to adopt a bi-linear 
moment-rotation relation based on moments at transition point 1 and 2 – M1 and M2 - and initial 
stiffness/slope and stiffness/slope between transition point 1 and 2 – K1 and K2 – to which some 
results are available.  
All reliability studies included in this doctoral thesis assume that semi-rigid behaviour of cold-
formed portal frames joints is defined as moment-rotation bilinear relation based on four 
parameters and the variation to mean of those parameters was modelled as a random variable 
following a lognormal distribution with a mean of 1.0 and a coefficient of variation as given by 
Table 4-18. Two values of coefficient of variation of initial stiffness were considered. 
The nominal semi-rigid joint behaviour was taken as the bilinear moment-rotation relation defined 
by the parameters mean and the outcome may be better visualised as per Figure 4-11. 
 
Table 4-18 – Coefficient of variation for semi-rigid joint behaviour parameters of portal frames. 
Semi-rigid parameter Coefficient of variation [-] 
K1 0.20 or 0.30 
K2 0.15 
M1 0.10 
M2 0.15 
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Figure 4-11 – Randomly generated semi-rigid behaviour scheme. 
 
4.5 LOADS 
 
Most structural loads consist of a basic load parameter which is independent of the structure, a 
modelling parameter that transforms the spatially and temporarily varying load in to an equivalent 
uniform load for analysis and design purposes [213]. These aspects are addressed by the 
respective national load standards and guidelines are provided to, regardless of load nature, allow 
their explicit consideration on limit states verifications as per LRFD equation: 
 
∑ ⋅≥ niin QR λφ           [4-6] 
 
For storage rack frames, a single load combination was considered in this study: (i) gravity which 
is equal to the sum of permanent load and unit/pallet load. In accordance to equation 4-6, AS4084 
[192] states the following load combination to be considered in design: 
 
(i) 1.3 Dn + (1.4 or 1.3) x Ln  
 
Where Dn represents the nominal dead load and Ln represents the unit/pallet nominal load. The 
action factor for unit/pallet load equals 1.3 if unit/pallet load are weighted before being placed on 
the rack and, 1.4 otherwise. 
 
For cold-formed portal frames, two load combinations were considered in this study: (i) gravity 
and (ii) gravity plus wind. The former includes permanent load and roof imposed load while the 
latter includes permanent load and wind load. In accordance to equation 4-6, AS/NZS 1170.0 
[276] states the following load combination to be considered in design: 
 
(i.i) 1.35 Dn 
(i.ii) 1.2 Dn + 1.5 Ln 
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(ii) 1.2 Dn + Wn 
 
Where Dn represents the nominal permanent load, Ln represents the nominal roof live load and Wn 
represents the nominal wind load. Please note that only pitched portal frames were analysed in 
this study and thus, combination factor. for live load on equation 4-6 is equal to 0. 
 
The following sections aim to define the variability of different structural loads considered in this 
doctoral thesis. 
 
4.5.1 Permanent Load 
 
Permanent load is assumed to remain constant through the life of the structure. It results from the 
weight of elements comprising the structure and includes permanent equipment, partitions and 
installations, roofing, floor coverings, etc. 
Within the scope of this doctoral thesis, two main components of dead load may be identified: 
(i) The self-weight of the cold-formed steel structure which consists of the product of the weight 
density of steel and the geometry of structural members. The variability of this component 
depends on the fluctuation of weight density due to lack of homogeneity in material composition 
and fluctuation of the dimensions. 
Steel production processes guarantee that weight density of steel is practically constant with a 
coefficient of variation less than 0.01 and thus, self-weight variability is mostly dictated by 
geometric variations of members and connections. In comparison with other materials, variability 
of steel self-weight is quite low [277]. 
(ii) The weight of non-structural components. 
For storage rack frames, this part is negligible since it is not common for this type of structure to 
include permanent non-structural elements. 
For portal frames, this parcel consists of the weight of permanent equipments, installations and 
roofing and variability includes fluctuation of material weight density of non-structural material, 
fluctuation of geometry of non-structural elements and addition of unforeseen 
equipments/installation and protective layers. 
Nominal permanent load is commonly taken as the average weight of the elements based on the 
nominal weight densities of materials and nominal geometry of elements. Regardless there is a 
feeling that designers tend to underestimate permanent load due to calculation simplifications. 
The reference document A58 Standard [196] that includes Ellingwood, Galambos and co-workers 
as authors surveys the results of several American studies on permanent load and propose that 
dead load follows a normal distribution with a mean-to-nominal ratio of 1.05 and a coefficient of 
variation of 0.10. 
In accordance, all reliability studies on cold-formed portal frames included in this doctoral thesis 
assume that permanent load follows a normal distribution with a mean-to-nominal ratio of 1.05 
and a coefficient of variation of 0.1. 
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All reliability studies on storage rack frames included in this doctoral thesis follow a different 
approach since the permanent load consists of structure self-weight only. This approach is 
described on Chapter 5. 
 
4.5.2 Live load 
 
Live or imposed load consists on the movable gravity loads associated with the usage/occupancy 
of a structure. It results from the weight of people, furniture, stored objects and other movable 
equipment. 
Unless high magnitude concentrated loads are present, live load models tend to avoid describing in 
detail the spatial variability and they assume a load which is uniformly distributed over an area or 
along a line.  This simplification is possible due to the averaging filter effect caused by integrating 
the different parts of the loaded area to obtain an equivalent load effect [278]. Regarding the 
temporal variability, live load models consider two components: sustained live load and 
intermittent live load. 
The sustained live load contains the weight of furniture, heavy equipment and, people and storage 
items that are normally present. The short term fluctuations are smoothed and load magnitude 
represents approximately the time average of the real fluctuating live load as per Figure 4-12a. 
The intermittent live load contains all kinds of variable load not covered by the definition of 
sustained load. They are associated with occupancy situations where live load is increased by a 
short to very short period of time as for instance people gathering for a party or a maintenance 
team on a roof, temporary piling of items over a small area, etc. Time variability of intermittent 
live load is portrayed by Figure 4-12b.  
Figure 4-12c represents the sum of sustained and intermittent live loads. 
 
In terms of design live load, it is convenient to consider two cases: (i) maximum value for a 
certain return period (typically 50 years) and (ii) point-in-time value. 
Maximum value of live load corresponds to the expected maximum value of live load that is likely 
to act on the structure during a certain return period and it is composed by a sustained load parcel 
(maximum) and an intermittent load parcel (likely the maximum). Point-in-time live load 
corresponds to the value of live load that is most likely to be found acting on the structure at any 
point in time and thus, it is associated with sustained live load.  
In a reliability context, when two variables are considered simultaneously, one becomes the 
primary variable load and takes the maximum value for a certain return period whereas the other 
becomes the companion variable load and takes the point-in-time value. For instance, if live load 
and wind load are considered in assessing ultimate limit states, two scenarios have to be 
considered: (i) maximum value of live load combined with point-in-time value of wind load and (ii) 
maximum value of wind load combined with point-in-time value of live load. 
 
The following documents provide data on live load statistics: 
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a) b) 
 
c) 
Figure 4-12 – Live load model: a) Sustained live load, b) Intermittent live load and c) Total live 
load. 
 
 (i) A58 Standard [196] surveys several American studies on live load statistics for offices and 
proposes that maximum value of live load for a 50 years return period may be fitted by an 
Extreme type I distribution and presents a typical mean-to-nominal ratio of 1.0 and a coefficient of 
variation of 0.25 while point-in-time live load may be fitted by a Gamma distribution and presents 
a mean-to-nominal ratio and coefficient of variation depending on area of influence and occupancy. 
For point-in-time live load, Elingwood and Galambos [213] suggest a typical mean-to-nominal 
ratio and coefficient of variation of 0.25 and 0.55, respectively. 
(ii) CIB report 116 on live loads [278] surveys European and American studies and has the 
additional advantage of sorting out the characteristic values of live load by occupancy classes. For 
point-in-time live load, the coefficient of variation ranges from 0.20 (school classroom) to 1.0 
(light industrial facilities). For maximum live load, coefficient of variation ranges from 0.12 (school 
classrooms) to 0.20 (residences, retail stores, offices) which seems to indicate that the coefficient 
of variation of the latter does not seem to be tremendously affected by the occupancy class. 
Considering the types of structures analysed in this doctoral thesis, the following remarks 
regarding live load are made: 
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(i) Unit/Pallet load – To the author’s knowledge, there are no available surveys on variability of 
pallet load. Based on engineering judgement and operating procedures, it seems plausible to relate 
the statistical characteristics of pallet load with the statistical characteristics of live load of storage 
areas and thus, in all reliability studies considered in this doctoral thesis, it was assumed that 
pallet load follows a normal distribution with a mean-to-nominal ratio of 1.0 and a coefficient of 
variation of 0.15 or 0.20 depending on if pallet load is weighted or not before being placed on the 
rack. 
(ii) Roof imposed load - To the author’s knowledge, there are no available surveys on variability of 
roof imposed load. Based on engineering judgement and taking into account that coefficient of 
variation for maximum live load does not seem to vary too much with the coccupancy 
characteristics, the following assumptions were made for all reliability studies included in this 
doctoral thesis: maximum roof imposed load follows an Extreme Type I distribution with a mean-
to-nominal ratio of 1.0 and a coefficient of variation of 0.25 whereas point-in-time roof load was 
considered negligible since in pitched roofs the expected imposed load at any point in time is only 
associated with waste accumulation and temporary light equipments.  
 
4.5.3 Wind load 
 
Wind load consists of the effect of the environmental wind action on structures. Its quantification is 
derived from statistical data on wind speed, pressure coefficients, parameters related to exposure 
and wind speed profile, and gust factors that incorporate short gust effects and dynamic response 
of the structure. 
The overall variability of wind load arises from variability of wind speeds – which is location 
dependent and it is assessed based on wind speed records – and uncertainty in the estimation of 
pressure coefficient, exposure factors and gust factors. 
In terms of design wind load, it is convenient to consider two cases: (i) maximum value for a 
certain return period (typically 50 years) and (ii) point-in-time or daily maximum.  
Maximum value of wind load corresponds to the maximum value of wind load that is to likely act 
on the structure during a certain return period and it is obtained from recorded data of wind speed 
for each geographical location, which typically follows an Extreme type I distribution and 
abovementioned parameters that typically follow a normal distribution. 
Point-in-time or daily maximum wind load corresponds to the maximum value that may be 
expected to happen on any given day and it is obtained from recorded data on daily maximum 
wind speeds, which typically follows an Extreme type I distribution and and abovementioned 
parameters that typically follow a normal distribution. 
The following documents provide data on wind load statistics: 
(i) A58 Standard [196] surveys several American studies and is based on American geographical 
wind locations proposes the following statistics for wind load: maximum value of wind load for a 50 
years return period may be fitted by an Extreme type I distribution and presents a typical mean-
to-nominal ratio of 0.78 and a coefficient of variation of 0.37; maximum annual value of wind load 
may be fitted by an Extreme type I distribution and presents a typical mean-to-nominal ratio of 
0.33 and a coefficient of variation of 0.59 and, point-in-time or daily maximum value of wind load 
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may be fitted by an Extreme type I distribution with distribution parameters of -0.021 and 18.7. a 
typical mean-to-nominal ratio and coefficient of variation of 0.25 and 0.55, respectively. 
(ii) On the Probabilistic Model Code developed by Joint Committee on Structural Safety [225], it is 
proposed that wind load statistics should be derived from statistics for the different components. 
Thus, maximum mean velocity pressure may generically be modelled as an Extreme type I with 
mean-to-nominal ratio of 0.80 and a coefficient of variation 0.20 to 0.30 with the remaining 
factors being modelled as a lognormal distribution with mean-to-nominal ratios ranging from 0.80 
to 1.0 and coefficients of variation ranging from 0.10 to 0.30. 
(iii) Zhang [279] carried out a study based on A-58 framework for Australian geographical 
locations and obtained that maximum wind load for a 50 years return period may be fitted by an 
Extreme type I distribution with a mean-to-nominal ratio of 0.60 and a coefficient of variation of 
0.46. 
All reliability studies included in this doctoral thesis assume that wind load follows a Extreme type I 
distribution with a mean-to-nominal ratio of 0.60 and a coefficient of variation of 0.46 as relevant 
for Australian Standard AS1170.2 [280]. 
 
4.6 MODEL UNCERTAINTY 
 
Model uncertainty concerns the discrepancy between the model prediction and actual outcome of 
the physical system. In most cases, the model will be incomplete and inexact due to lack of 
knowledge, model shortcomings, deliberate simplifications or convenience assumptions of the 
designer. 
Model uncertainty and its statistics can be, in most cases, obtained from the comparison between 
model predictions and observed experimental results, in a way that the mean value of model 
uncertainty should be able to, on average predict, the correct test results. 
Chapter 3 concerned the definition of nominal numerical models for storage rack frames and cold-
formed portal frames that were used to derive strength distribution curves. These nominal 
numerical models were validated and calibrated with well-documented full-scale tests and the 
following results were obtained: 
For storage racks, nominal numerical models of six full-scale tests [4, 164] were built and failure 
analysis were carried out resulting in a numerical failure prediction to actual failure load ratio with 
a mean of 1.13 and a coefficient of variation of 0.065. 
Acknowledging that results were obtained from a limited amount of full-scale test results (due to 
unavailability of additional well-documented full-scale tests), several scenarios of model 
uncertainty were considered from no model uncertainty to model uncertainty following a normal 
distribution with certain values of means and coefficients of variation. 
For cold-formed portal frames, nominal numerical models of three full-scale tests [3] were built 
and failure analysis were carried out resulting in a ratio of numerical failure prediction to actual 
failure load with a mean of 0.923 and a coefficient of variation of 0.061. 
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4.7 SUMMARY 
 
Figure 4-13 illustrates the random variables whereas Table 4-19 presents a summary of the 
considered random variables considered in reliability studies included in this doctoral thesis. 
 
 
Figure 4-13 – Random variables in a structure. 
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Table 4-19 – Summary of random variables. 
 Type Random Variable Distribution Mean 
Coefficient of 
Variation (or 
standard deviation) 
S
to
ra
ge
 R
ac
k 
Fr
am
es
 
Material 
Properties 
Young’s modulus [GPa] Normal En 0.06 
Yield Stress [MPa] Lognormal fyn 0.10 
Fabrication 
tolerances 
Thickness [mm] Normal tn 0.05 
Remaining dimensions 
[mm] - dn - 
Joint Stiffness 
M1 [kNm] Lognormal M1n 0.08 
M2 [kNm] Lognormal M2n 0.07 
θ1 [rad] Lognormal θ1n 0.14 
θ2 [rad] Lognormal θ2n 0.17 
Geometric 
Imperfections 
Overall out-of plumb [rad] Normal 0 1/980 
Out-of-plumb noise [rad] Normal 0 1/4600 
Maximum bow amplitude 
factor (x L) SignNormal 1/2250 1/3500 
Maximum camber 
amplitude factor (x L) SignNormal 1/2500 1/3300 
Maximum twist amplitude 
factor [o/m] SignNormal 0.25 0.20 
Maximum distortional 
amplitude factor (x t) SignNormal 0.81 0.62 
Maximum local amplitude 
factor (x t) SignNormal 0.375 0.34 
Model 
Uncertainty Pactual/Pnum Normal 1.13 0.065 
 
 
Po
rt
al
 F
ra
m
es
 
Material 
Properties 
Young’s modulus [GPa] Normal En 0.06 
Yield Stress [MPa] Lognormal fyn 0.10 
Fabrication 
tolerances 
Thickness [mm] Normal tn 0.05 
Remaining dimensions 
[mm] - dn - 
Joint Stiffness 
M1 [kNm] Lognormal M1n 0.10 
M2 [kNm] Lognormal M2n 0.15 
K1 [kNm/rad] Lognormal K1n 0.30 
K2 [kNm/rad] Lognormal K2n 0.15 
Geometric 
Imperfections 
Overall out-of plumb [rad] Normal 0 1/610 
Out-of-plumb noise [rad] - 0 - 
Maximum bow amplitude 
factor (x L) SignNormal 1/2250 1/3500 
Maximum camber 
amplitude factor (x L) SignNormal 1/2500 1/3300 
Maximum twist amplitude 
factor [o/m] SignNormal 0.25 0.20 
Maximum distortional 
amplitude factor (x t) SignNormal 0.81 0.62 
Maximum local amplitude 
factor (x t) SignNormal 0.375 0.34 
Model 
Uncertainty Pactual/Pnum Normal 0.971 0.041 
 
Lo
ad
s 
Permanent Load Normal 1.05 Dn 0.10 
Pallet Load Normal Pn 0.15 or 0.20 
Roof Imposed Load Extreme Type I Ln 0.25 
Wind Load Extreme Type I 0.60 Wn 0.46 
* Index n stands for nominal value; 
** SignNormal distribution corresponds to the product of a random variable ‘sign’ (-1 or +1) and the relevant 
normal random variable. 
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5. SYSTEM STRENGTH AND SYSTEM STRENGTH DISTRIBUTIONS 
 
This chapter concerns the characterisation of the system strength of cold-formed steel structures 
under several types of loading.  
The aims are (i) to undertake a comprehensive evaluation of the main parameters influencing the 
system strength and (ii) to carry out a rigorous statistical assessment of system strength variation 
taking into account the geometric and physical/material uncertainties. System strength is defined 
as the load-carrying capacity corresponding to structural collapse. 
The study focuses on two main groups of cold-formed steel structures – storage rack frames and 
cold-formed portal frames – and covers multiple frame configurations and relevant failure modes 
in accordance with the premise that it is possible to identify categories of structural systems with 
similar strength statistics and thus, with similar structural reliability. 
The knowledge of system strength statistics and taking into account that load statistics are known 
as per Chapter 4 will enable the reliability studies developed in Chapter 6. 
The study begins by conceptualising several representative frames that portray the current cold-
formed steel building inventory in Australia. Each representative frame covers a common failure 
mode and it is used throughout the study to provide results accordingly to the aims of the chapter. 
Different load and analysis cases are considered. 
Subsequently, nominal models according to the Australian Standards AS4084 [192] and AS4600 
[189] are developed and associated system strength predictions are obtained. Behaviour until 
structural collapse is also described. 
In order to provide a greater in-depth understanding of the factors influencing system strength for 
each failure mode, sensitivity analyses are carried out where discrete variations of the geometrical 
and physical/material parameters are incorporated in the nominal model with their effect on the 
system strength being quantified. 
Afterwards, Monte-Carlo type of simulations taking into account the variability of geometric and 
physical/material uncertainties are conducted and, as a result, system strength distributions are 
obtained. Statistical parameters are then derived for each distribution including fitting probability 
distribution, mean and coefficient of variation.  
It is important to highlight that, in Chapter 3, finite element (FE) models of storage rack frames 
and cold-formed portal frames were developed and validated against full-scale tests which now 
enables their use as analysis tools for studies on the behaviour and strength of cold-formed steel 
structures. Nominal system strength predictions, sensitivity analyses and Monte-Carlo simulations 
make use of the aforementioned FE model.  
Similarly, statistics developed in Chapter 4 for the different random variables affecting the 
structural strength are now used to establish the Monte-Carlo simulations. 
Due to its intrinsic and distinct characteristics, storage rack frames and cold-formed portal frames 
are dealt with separately throughout the chapter. 
 
 
 
 
5. System Strength and System Strength Distributions 
 106  
5.1 STORAGE RACK FRAMES 
 
Storage rack frames are remarkably efficient and flexible structures that have long strived to use 
novel cross-sections and connections. Typologies vary with the rack usage but frames may reach 
up to 40 metres height and 60 metres width with numerous loading levels/storeys and bays. 
The main purpose of this type of structure is to store units of loads vertically that may be handled 
through manual operated equipment guided by an operator (wide and narrow aisle racking) or by 
electrical/mechanical devices (very narrow aisle racking), or fully automatically operated 
equipment guided by electrical/mechanical devices. 
Self-weight of the rack is often the only component of dead/permanent load acting over the frame 
and it represents an almost negligible part of the total load carried by the system. 
Imposed loads include unit/pallet loads which correspond to the gravity load associated with the 
weight of the stored items, and horizontal and vertical placement loads which correspond to loads 
arising from the operation of positioning or removing stored items. Other imposed loads may occur 
in specific typologies of racks, such as racks operated by cranes or racks supporting directly floors 
and walkways. Unit/pallet loads are the major component of the total load supported by the 
storage rack frame and commonly represent over 95% of the total vertical load. 
Accidental actions include impact loads either from falling items or operational hazard. 
Since storage rack frames are normally located within a building, environmental actions like wind 
or snow do not need to be taken into account during the design process. On the other hand, racks 
are susceptible to be affected by seismic action. 
In this doctoral thesis, all storage rack frames are considered to be acted by structure self-weight 
and unit/pallet load only. 
 
5.1.1 Structural frames 
 
There was a deliberate effort for the analysed configurations to mirror potential actual storage rack 
frames by making use of loosely adapted commercially available cross-sections in the constituent 
members and using moment-rotation relations as obtained from actual cantilever tests performed 
at The University of Sydney. Considered span lengths and storey heights also agree with common 
values used in practice.  
Five main configurations of storage rack frames were considered. Series SR1, SR2 and SR3 
represent storage rack frames unbraced in the down-aisle direction while series SR4 and SR5 
represent storage rack frame braced in the down-aisle direction, as shown in Figure 5-1. 
(i) Series SR1 consists of low-rise rack frames with three load levels/two-storeys and three bays. 
Storey height and bay width equal 2100 and 2780 mm, respectively which leads to a total height 
of 4650 mm and a total width of 8340 mm.  
The cross-section adopted for the uprights is a hat-section 110 mm wide, 83 mm deep and 1.5 
mm thick. Along the length of the upright, regularly sized diamond-slot and circular perforations 
are also considered in webs and back-flanges, respectively. The cross-section adopted for the 
beams is a double channel section spot-welded at top and bottom 25.6 (x2) mm wide, 110 mm 
deep and 1.6 mm thick. Both members bend about the major axis of the cross-section.  
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The nominal yield stress of the considered virgin steel is equal to 300 MPa. 
The connection between beams and columns is assumed to be materialised by a standard welded 
3-tang beam-end connector engaging in the upright perforations. In Chapter 4, a study was 
carried out with the purpose of assessing the variability of joint stiffness parameters in boltless 
storage rack connections and, as a secondary outcome, a rather large database of bi-linear 
moment-rotation relations as obtained from cantilever tests was built as per Appendix B. This 
database may then be used to, based on upright and beam dimensions, select realistic stiffness 
parameters from the average values of the corresponding tests. For frame SR1, semi-rigid 
parameters – M1, M2, θ1 and θ2 – were taken as 1.236 kNm, 1.552 kNm, 0.039 rad and 0.070 rad, 
respectively. Cross-aisle bracing with a spacing of 1200 mm is considered. 
Under gravity loads, frames of series SR1 are prone to fail by the formation of plastic hinges at the 
beam mid-span. 
(ii) Series SR2 consists of medium-rise rack frames with six load levels/five-storeys and five bays. 
Storey height and bay width equal 1950 and 2500 mm, respectively which leads to a total height 
of 10200 mm and a total width of 12500 mm.  
The cross-section adopted for the uprights is a hat-section 110 mm wide, 83 mm deep and 1.2 
mm thick. Along the length of the upright, regularly sized diamond-slot and circular perforations 
are also considered in webs and back-flanges, respectively. The cross-section adopted for the 
beams is a double channel section spot-welded at top and bottom 25.6 (x2) mm wide, 110 mm 
deep and 1.6 mm thick. Both members bend about the major axis of the cross-section. 
The nominal yield stress of the considered virgin steel is equal to 300 MPa. 
The connection between beams and columns is assumed to be materialised by a standard welded 
3-tang beam-end connector engaging in the upright perforations. Based on upright and beam 
dimension and consulting similar entries on the database of boltless storage rack connections, 
semi-rigid parameters - M1, M2, θ1 and θ2 – were taken as 1.236 kNm, 1.552 kNm, 0.039 rad and 
0.070 rad, respectively. Cross-aisle bracing with a spacing of 1150 mm is considered. 
Under gravity loads, frames of series SR2 are prone to fail by sway buckling triggered by 
distortional and flexural-torsional buckling of the uprights. 
(iii) Series SR3 consists of medium-rise rack frames with six load levels/five-storeys and five bays. 
Storey height and bay width equal 1950 and 2500 mm, respectively which leads to a total height 
of 10200 mm and a total width of 12500 mm.  
The cross-section adopted for the uprights is a hat-section 110 mm wide, 83 mm deep and 2.4 
mm thick. Along the length of the upright, regularly sized diamond-slot and circular perforations 
are also considered in webs and back-flanges, respectively. The cross-section adopted for the 
beams is a double channel section spot-welded at top and bottom 25.6 (x2) mm wide, 110 mm 
deep and 1.6 mm thick. Both members bend about cross-section major axis.  
The nominal yield stress of the considered virgin steel is equal to 300 MPa. 
The connection between beams and columns is assumed to be materialised by a standard welded 
4-tang beam-end connector engaging in the upright perforations. Based on upright and beam 
dimensions and consulting similar entries on the database of boltless storage rack connections, 
semi-rigid parameters - M1, M2, θ1 and θ2 – were taken as 3.478 kNm, 5.078 kNm, 0.046 rad and 
0.106 rad, respectively. Cross-aisle bracing with a spacing of 1150 mm is considered. 
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Under gravity loads, frames of series SR3 are prone to fail by sway buckling triggered by flexural-
torsional buckling of the uprights. 
(iv) Series SR4 consists of frames with the same features of the medium-rise rack frames of series 
SR2 except for the presence of a down-aisle bracing system.  
The down-aisle bracing system is cross-shaped and positioned along the central bay and, with 
spacing between braced points equal to 1150 mm. 
Under gravity loads, frames of series SR4 are prone to fail by distortional and flexural-torsional 
buckling of the uprights. 
(v) Series SR5 consists of frames with the same features of the medium-rise rack frames of series 
SR3 except for the presence of a down-aisle bracing system.  
The down-aisle bracing system is cross-shaped and positioned along the central bay and, with 
spacing between braced points equal to 1150 mm. 
Under gravity loads, frames of series SR5 are prone to fail by flexural-torsional buckling of the 
uprights. 
 
 
a) 
  
b) c) 
  
d) e) 
Figure 5-1 – Representative storage rack frames: a) SR1, b) SR2, c) SR3, d) SR4 and e) SR5. 
 
5. System Strength and System Strength Distributions 
 109  
With the developed series SR1 to SR5, relevant failure modes of storage rack frames are 
considered and system strength characteristics may be derived. 
 
5.1.2 Load cases and analyses 
 
Gravity loads corresponding to rack self-weight and unit/pallet loads are considered in this study 
with the former having a minimal participation in the total load acting on the structure.  
Self-weight is uniformly applied along the structure and has a constant value through the life of 
the structure whereas unit/pallet load presents temporal and spacial variability.  
In the design process, temporal variability and part of spacial variability are resolved by assigning 
a specified bay load uniformly distributed and equal to the sum of the maximum weight unit/pallet 
loads stored in that bay. The remaining part of spacial variability refers to a loading pattern of the 
bays. 
In accordance with Australian Standard AS4084 [192], three different loading patterns are 
considered in this study as illustrated in Figure 5-2. The first load case corresponds to a fully 
loaded rack and it is expected to govern the overall stability of the frame. The second load case 
corresponds to a fully loaded rack with exception of a single unloaded beam near the middle and 
at the lowest level, which is expected to govern certain failure modes triggered by upright failure. 
The third load case corresponds to a fully loaded structure with exception of a single unloaded 
beam near the middle at the second lowest level, which is expected to govern certain failure 
modes triggered by upright failure. 
In terms of notation, racks subject to first load case are represented by the series name - SR1, 
SR2, SR3, SR4 and SR5, racks subject to second load case are represented by the series name 
with the added suffix ‘a’ – SR1a, SR2a, SR3a, SR4a and SR5a and, racks subject to third load case 
are represented by the series name with the added suffix ‘b’ – SR1b, SR2b, SR3b, SR4b and SR5b. 
 
As soon as a storage rack frame becomes functional, loading and unloading operations have the 
potential to cause damage to the rack structure and impacts due to the fall of stored units or due 
to the movement of forklifts may add a permanent imperfection to the components of the rack. 
Australian Standard AS4084 presents a set of clauses that establish limits for the allowable 
magnitude of damage of the different components, as follows. Uprights with member deviations 
(due to damage) of less than L/200 for camber imperfections and L/333 for bow imperfections as 
defined in Figure 3-11, bracing members with deviations of less than L/100, or frame out-of-
plumbs of less than 1.5 times of the maximum installation out-of-plumb, do not prevent the 
normal usage of the rack frames. 
It is interesting to note that, despite the presence of these clauses, typical design procedures 
assume significantly smaller imperfections - out-of-straightness imperfections with a magnitude of 
L/1000 and an out-of-plumb with a magnitude equal to the maximum installation out-of-plumb - 
when assessing the nominal system and member strengths. To the author’s knowledge, the 
consequences of such an approach are not quantified but it may possibly lead to unsafe design 
solutions. 
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a) 
  
b) c) 
Figure 5-2 – Load cases: a) fully loaded rack frame, b) unloaded beam at the first level and c) 
unloaded beam at the second level. 
 
In order to assess the effect of the permissible damage clauses in the system strength, series SR1 
to SR5 were expanded to include scenarios where rack frames become damaged due to loading 
and unloading operations. 
This study focuses only on the damage of the uprights and considers the following assumptions: (i) 
an accidental impact (for instance, due to a forklift movement) causes a deviation of the perfect 
geometry of the member of magnitude equal to the maximum value which does not lead to any 
restriction of the rack usage, and (ii) only a single upright becomes damaged. 
 
Accordingly, two damage scenarios are analysed for series SR2 as shown in Figure 5-3.  
Scenario 1 
- Upright located in position number 2 experiences an accidental impact that causes, at the 
lowest storey level, a deviation of the perfect geometry of the member equal to a camber-
shaped imperfection with a magnitude of L/200 and a bow-shaped imperfection with a 
magnitude of L/333. 
- The remaining uprights are unaffected by the impact and remain in their initial position. 
 Scenario 2 
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- Upright located in position number 3 experiences an accidental impact that causes, at the 
lowest storey level, a deviation of the perfect geometry of the member equal to a camber-
shaped imperfection with a magnitude of L/200 and a bow-shaped imperfection with a 
magnitude of L/333. 
- The remaining uprights are unaffected by the impact and remain in their initial geometry. 
 
  
a) B) 
Figure 5-3 – Damage scenarios: a) scenario 1 and b) scenario 2. 
 
In terms of notation, the first scenario is represented by the series name, load case and suffix ‘wD’ 
– SR2wD, SR2awD and SR2bwD – whereas second scenarios is represented by series name, load 
case and suffix ‘wD2’ – SR2wD2, SR2awD2 and SR2bwD2. 
Results are detailed in section 5.1.6, but they seem to indicate that scenario 1 is more severe than 
scenario 2 and thus, only scenario 1 is considered for series SR1 and SR3 to SR5. 
 
All numerical analyses carried out on the rack frames of series SR1 to SR5 entail two sequential 
steps.  
The first step consists on a non-linear general static stress analysis *STATIC where self-weight of 
the rack frame is applied. For this magnitude of load, the response is predominantly elastic with 
almost negligible deformations and stresses.  
The second step consists on a modified Riks analysis *STATIC, RIKS where a reference patterned 
unit/pallet load with a magnitude of 9810 N/beam (1000 kg/beam) is proportionally applied, 
leading to a non-linear load-displacement response of the rack frame until structural collapse and 
beyond. 
In this doctoral thesis, (ultimate) system strength corresponds to structural collapse which, 
according to Ziemian [90, 91] is defined as the minimum value of either (i) peak load of the load-
displacement response of the structure or (ii) load corresponding to the point for which the slope 
of load-displacement response of the structure equals 5% of its initial value. For storage rack 
frames, system strength is expressed in terms of a load factor on the reference patterned 
unit/pallet load. 
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For the numerical analyses carried out on the rack frames of series SR1 to SR5, criteria (i) and (ii) 
return similar system strength predictions and thus, for ease of numerical implementation, system 
strength is taken as the peak load of the load-displacement response of the structure. 
It is also important to highlight that a numerical analysis is only considered complete if the load-
displacement response includes the ascending branch followed by a few points of the descending 
branch. If convergence issues cause the analysis to stop before reaching the descending branch, 
the analysis is repeated with different time increment parameters until adequate results are 
obtained. 
 
5.1.3 Nominal model, nominal system strength and failure modes 
 
The nominal model of rack frames refers to the FE models built as per chapter 3 and in accordance 
with the design provisions of Australian Standard AS4084 [192]. The resultant system strength 
corresponds to the nominal system strength. 
Table 5-1 summarises the main parameters of the nominal models and Figure 5-4 shows the 
nominal FE models. 
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a) 
  
b) c) 
  
d) e) 
Figure 5-4 – Nominal FE models: a) SR1, b) SR2, c) SR3, d) SR4 and e) SR5. 
 
  
 
Table 5-1 – Nominal parameters of series SR1 to SR5. 
Series ID SR1  SR2  SR3  SR4  SR5 
  
 
 
 
 
 
 
 
 
C
ha
ra
ct
er
is
tic
s 
Layout [-]  
> 2 storeys (h = 
2100 mm) (3 
load levels) 
> 3 spans (L= 
2780 mm) 
> 3 load patterns 
considered 
 > 5 storeys (h = 
1950 mm) (6 
load levels) 
> 5 spans (L= 
2500 mm) 
> 3 load patterns 
considered 
 > 5 storeys (h = 
1950 mm) (6 
load levels) 
> 5 spans (L= 
2500 mm) 
> 3 load patterns 
considered 
 > 5 storeys (h = 
1950 mm) (6 
load levels) 
> 5 spans (L= 
2500 mm) 
> 3 load patterns 
considered 
 > 2 storeys/ 3  
> 5 storeys (h = 
1950 mm) (6 
load levels) 
> 5 spans (L= 
2500 mm) 
> 3 load patterns 
considered 
Upright (H x W x tu) [mm]  
Hat (83 x 110 x 
1.5)  
Hat (83 x 110 x 
1.2)  
Hat (83 x 110 x 
2.4)  
Hat (83 x 110 x 
1.2)  
Hat (83 x 110 x 
2.4) 
Beam (H x W x tb) [mm]  
2 x C (110 x 50 x 
1.6)  
2 x C (110 x 50 x 
1.6)  
2 x C (110 x 50 x 
1.6)  
2 x C (110 x 50 x 
1.6)  
2 x C (110 x 50 x 
1.6) 
Bracing 
Down-aisle [-]  Unbraced  Unbraced  Unbraced  Cross-bracing spaced 1950 mm  
Cross-bracing 
spaced 1950 mm 
Cross-aisle [-]  Point-braced spaced 1200 mm  
Point-braced 
spaced 1150 mm  
Point-braced 
spaced 1150 mm  
Point-braced 
spaced 1150 mm  
Point-braced 
spaced 1150 mm  
             
N
om
in
al
 
M
at
er
ia
l 
Pr
op
er
tie
s 
Eu [Gpa]  200  200  200  200  200 
fyu [Mpa]  300  300  300  300  300 
Eb [Gpa]  200  200  200  200  200 
fyb [Mpa]  300  300  300  300  300 
             
Fa
b.
 
To
le
r. tu [mm]  1.5  1.2  2.4  1.2  2.4 
tb [mm]  1.6  1.6  1.6  1.6  1.6 
Other dimensions  As per layout  As per layout  As per layout  As per layout  As per layout 
             
Jo
in
t 
st
iff
ne
ss
 M1 [kNm]  1.236  1.236  3.478  1.236  3.478 
M2 [kNm]  1.552  1.552  5.078  1.552  5.078 
θ1 [rad]  0.039/4  0.039/4  0.046/4  0.039/4  0.046/4 
θ2 [rad]  0.07/4  0.07/4  0.106/4  0.07/4  0.106/4 
             
G
eo
m
et
ri
c 
Im
pe
rf
ec
tio
ns
 
Fr
am
e 
Out-of-plumb: global 
[rad]  1/500  1/500  1/500  1/500  1/500 
Out-of-plumb: noise 
[rad]  0  0  0  0  0 
            
U
pr
ig
ht
 Bow factor [-] & half-
wavelength [mm]  1/1000 & 1200  1/1000 & 1150  1/1000 & 1150  1/1000 & 1150  1/1000 & 1150 
Camber factor [-] & 
half-wavelength [mm]  1/1000 & 2600  1/1000 & 1950  1/1000 & 1950  1/1000 & 1950  1/1000 & 1950 
  
G
eo
m
et
ri
c 
Im
pe
rf
ec
tio
ns
 
Twist rate  [o/m] & 
half-wavelength [mm]  0  0  0  0  0 
Distortional factor [-] 
(x t) & half-
wavelength [mm] 
 0.24 & 1200  0.27 & 1150  0.187 & 575  0.27 & 1150  0.187 & 575 
            
B
ea
m
 
Bow factor [-] & half-
wavelength [mm]  1/1000 & 2660  1/1000 & 2380  1/1000 & 2380  1/1000 & 2380  1/1000 & 2380 
Camber factor [-] & 
half-wavelength [mm]  1/1000 & 2660  1/1000 & 2380  1/1000 & 2380  1/1000 & 2380  1/1000 & 2380 
Twist rate  [o/m] & 
half-wavelength [mm]  0  0  0  0  0 
Distortional factor [-] 
(x t) & half-
wavelength [mm] 
 0.069 & 140  0.069 & 140  0.069 & 140  0.069 & 140  0.069 & 140 
Local factor [-] (x t) & 
half-wavelength [mm]  0.084 & 30  0.084 & 30  0.084 & 30  0.084 & 30  0.084 & 30 
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The nominal geometry of the rack frame is defined as per manufacturing and installation nominal 
values. Young’s modulus has a nominal value of 200 GPa and the yield stress is taken as 300 MPa. 
The semi-rigid parameters employed in the nominal model correspond to the mean results of 
cantilever tests scaled to portal frame tests. The scale factor discussed in Section 3.9.1, used was 
assumed to be 4. 
Depending on the type of handling equipment specified, out-of-plumb may vary from 1/500 to 
1/1000 rad. In this doctoral thesis, nominal out-of-plumb was assumed as 1/500 rad for all racks. 
For the nominal member imperfections, the amplitude is the result of the product of the relevant 
factor given in Table 4-15 and a half-wavelength. For the nominal sectional imperfections, 
amplitude is given by the product of the relevant factor as per Table 4-15 and the thickness of the 
cross-section. 
The nominal model is based in the worst combination of geometric imperfections, i.e., 
combinations of the directions of each imperfection are implemented in the nominal model and the 
one that returns the lower system strength prediction is adopted as the nominal geometric 
imperfection and the associated system strength becomes the nominal system strength.  
For symmetric systems, it is observed that the direction of the sectional imperfections has only a 
minimal effect in the system capacity and thus, for a given frame imperfection, finding the worst 
combination of geometric imperfections simply implies varying the sign of member imperfections. 
Table 5-2 summarises the nominal system strength of rack frames from series SR1 to SR5 and the 
following paragraphs detail on the associated failure modes. 
 
Table 5-2 – Nominal system strengths and failure modes. 
 Frame Nominal system strength ( or load factor λu) 
[x 1000 kg/beam] 
Failure mode  
[-] 
S
R
1 
SR1 2.243 Formation of a spatial plastic hinge at 
the beam. SR1a 2.255 
SR1b 2.313 
S
R
2 
SR2 1.312 Sway buckling triggered by 
distortional and flexural-torsional 
buckling of the uprights 
SR2a 1.327 
SR2b 1.357 
S
R
3 
SR3 2.626 Sway buckling triggered by flexural-
torsional buckling of the uprights SR3a 2.653 
SR3b 2.696 
S
R
4 
SR4 1.467 Distortional and flexural-torsional 
buckling of the uprights SR4a 1.454 
SR4b 1.470 
S
R
5 
SR5 3.092 Flexural-torsional buckling of the 
uprights SR5a 3.038 
SR5b 3.050 
 
- Nominal rack frame SR1 - As per Figures 5-5a and 5-5b, load-displacement response is 
linear until a unit/pallet load of 1793 kg/beam (λu=1.793). Then yielding begins to develop 
in the upright near the joints. For a unit/pallet load of 2153 kg/beam (λu=2.153), a plastic 
hinge begins to form at the mid-span of the top-right beam. Some sway occurs and 
structural collapse is reached when the mid-span cross-section of the beam becomes fully 
yielded for a unit/pallet load of 2243 kg/beam (λu=2.243). Figure 5-6 shows the FE model 
at the peak load. 
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- Nominal rack frame SR2 - As per Figures 5-7a and 5-7b, load-displacement response is 
linear until a unit/pallet load of 534 kg/beam (λu=0.534). By then, distortional buckling 
and flexural-torsional buckling occurs at the lower storey of the central uprights. For a 
unit/pallet load of 1237 kg/beam (λu=1.237), sway buckling occurs with an abrupt 
reduction of system stiffness. The collapse of the rack frame takes place for a unit/pallet 
load of 1312 kg/beam (λu=1.312). Figure 5-8 shows the FE model at the peak load. 
- Nominal rack frame SR3 - As per Figures 5-9a and 5-9b, load-displacement response is 
linear until a unit/pallet load of 1474 kg/beam (λu=1.474). Then, flexural-torsional 
buckling at the lower storey of the exterior uprights occurs. For a unit/pallet load of 2176 
kg/beam (λu=2.176), sway buckling occurs with an abrupt reduction of the system 
stiffness. Shortly afterwards, collapse of the rack frame is reached for a unit/pallet load of 
2626 kg/beam (λu=2.176). Figure 5-10 shows the FE model at the peak load. 
- Nominal rack frame SR4 - As per Figures 5-11a and 5-11b, load-displacement response is 
linear until a unit/pallet load of 987 kg/beam (λu=0.987). Then, distortional buckling and 
flexural-torsional buckling occur at the lower storey of the uprights and a reduction of the 
system stiffness is observed. Yielding of the cross-section of the upright 3 near the lowest 
joint causes the structural failure of the rack frame for a unit/pallet load of 1467 kg/beam 
(λu=1.467). Figure 5-12 shows the FE model at the peak load. 
- Nominal rack frame SR5 - As per Figures 5-13a and 5-13b, load-displacement response is 
linear until a unit/pallet load of 1980 kg/beam (λu=1.980). Then, flexural-torsional 
buckling at the lower storey of the upright arises and a reduction of the system stiffness is 
observed. This eventually leads to yielding of the cross-section of the upright 2 near the 
lowest joint which causes the structural failure of the rack frame for a unit/pallet load of 
3092 kg/beam (λu=3.092). Figure 14 shows the FE model at the peak load. 
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a) 
 
b) 
Figure 5-5 – Load-displacement response of SR1: a) load – horizontal displacement and b) load-
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vertical displacement. 
 
 
 
Figure 5-6 – SR1: Von Mises stress-distribution at the middle-surface at the peak load. 
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a) 
 
b) 
Figure 5-7 – Load-displacement response of SR2: a) load – horizontal displacement and b) load-
vertical displacement. 
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Figure 5-8 – SR2: Von Mises stress-distribution at the middle surface at the peak load. 
 
 
a) 
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b) 
Figure 5-9 – Load-displacement response of SR3: a) load – horizontal displacement and b) load-
vertical displacement. 
 
 
Figure 5-10 – SR3: Von Mises stress-distribution at the middle surface at the peak load. 
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a) 
 
b) 
Figure 5-11 – Load-displacement response of SR4: a) load – horizontal displacement and b) load-
vertical displacement. 
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Figure 5-12 – SR4: Von Mises stress-distribution at the middle surface at the peak load. 
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a) 
 
b) 
Figure 5-13 – Load-displacement response of SR5: a) load – horizontal displacement and b) load-
vertical displacement. 
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Figure 5-14 – SR5: Von Mises stress-distribution at middle surface the peak load. 
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5.1.4 Sensitivity analysis 
 
Sensitivity analyses of the full-loaded frame of each series – SR1, SR2, SR3, SR4 and SR5 - were 
performed in order to identify the variables most significantly affecting the system strength and 
failure mode of storage rack frames.  
Numerical analyses were carried out where, except for the variable whose effect is being assessed, 
all other variables were considered as per the nominal model. The following effects were 
considered: 
 
Effect of sectional and member imperfections (i) – In order to assess the influence of member and 
sectional imperfections, FE models are created where beams and uprights are defined as per their 
perfect geometry, i.e., without geometric imperfections being incorporated. 
 
Effect of frame imperfections (ii) – In order to assess the influence of frame imperfections, FE 
models are created with a null out-of-plumb angle, i.e., uprights are perfectly vertical. 
 
Effect of Young’s modulus (iii) – In order to assess the influence of Young’s modulus, an updated 
material model is considered where Young’s modulus is taken as 1.1 times the nominal value - 220 
GPa. The stress-strain relation remains bi-linear with a yield stress equal to the nominal value. 
 
Effect of thickness of the members (iv) – In order to assess the influence of the thickness of the 
members, cross-section of beams and uprights is modified to include a thickness equal to 1.1 
times the nominal value.  
 
Effect of steel strain-hardening (v) – A stress-strain relation with strain-hardening is used to 
assess the influence of a more accurate material model in the system strength. The model is tri-
linear as per Figure 5-15. The first branch has a slope equal to Young’s modulus and is defined 
until the yield strain, second branch has a null slope and is valid until five times the yield strain 
and finally, the third branch has a slope equal to 10% of Young’s modulus. 
 
 
Figure 5-15 – Stress-strain model including strain hardening. 
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Effect of yield stress (vi) – In order to assess the influence of yield stress, an updated material 
model is considered where yield stress is taken as 1.1 times the nominal value - 330 MPa. The 
stress-strain relation remains bi-linear with a Young’s modulus equal to the nominal value. 
 
Effect of semi-rigid behaviour of joints (vii) – In order to assess the influence of semi-rigid 
behaviour of joints, the moment-rotation curve of the beam-to-upright connection is modified to 
represent rigid joints. This is attained by using a rotational stiffness 1000 times larger than the 
nominal one. 
 
Effect of notional horizontal forces approach (viii) – Sway imperfection is modelled through 
equivalent horizontal forces – 0.2% of total vertical force – applied at the storey levels as opposed 
to the nominal model where sway imperfection is explicitly modelled by modifying the perfect 
configuration of the frame proportional to an out-of-plumb angle of 1/500 rad. 
 
Effect of member imperfections only (ix) – In order to assess the influence of member 
imperfections, FE models are created where bow and camber imperfections with an amplitude 
equal to L/1000 are incorporated in beams and uprights. 
 
Table 5-3 displays the results of the sensitivity analyses. 
  
Table 5-3 – Sensitivity analyses of representative rack frames. 
Frame Nominal Neither member or sectional imperfections (i) No out-of-plumb (ii) 
Increase of Young’s 
modulus by 10 % (iii) 
Increase of thickness 
by 10 % (iv) 
Including strain-
hardening (v) 
 Pnom Pi Pi/Pnom Pii Pii/Pnom Piii Piii/Pnom Piv Piv/Pnom Pv Pv/Pnom 
 [x 1000 kg/beam] 
[x 1000 
kg/beam] [-] 
[x 1000 
kg/beam] [-] 
[x 1000 
kg/beam] 
[x 1000 
kg/beam] 
[x 1000 
kg/beam] [-] 
[x 1000 
kg/beam] [-] 
SR1 2.243 2.246 1.001 2.252 1.004 2.268 1.011 2.441 1.088 2.268 1.011 
SR2 1.312 1.318 1.004 1.441 1.098 1.369 1.044 1.397 1.065 1.319 1.005 
SR3 2.626 2.624 0.999 2.817 1.073 2.717 1.035 2.801 1.067 2.628 1.001 
SR4 1.467 1.594 1.086 1.472 1.003 1.516 1.034 1.649 1.124 1.480 1.009 
SR5 3.092 3.180 1.029 3.091 1.000 3.145 1.017 3.465 1.121 3.151 1.019 
Where P represents system strength. 
 
Frame Nominal Increase of yield stress by 10 % (vi) Rigid joints (vii) 
Notional horizontal forces 
(viii) 
Member imperfections only 
(ix) 
 Pnom Pvi Pvi/Pnom Pvii Pvii Pviii/Pnom Pviii Pix Pix/Pnom 
 [x 1000 kg/beam] 
[x 1000 
kg/beam] [-] 
[x 1000 
kg/beam] 
[x 1000 
kg/beam] [-] 
[x 1000 
kg/beam] 
[x 1000 
kg/beam] [-] 
SR1 2.243 2.403 1.072 2.584 1.152 2.233 0.995 2.245 1.001 
SR2 1.316 1.330 1.014 1.306 0.995 1.297 0.988 1.313 0.998 
SR3 2.626 2.684 1.022 2.778 1.058 2.601 0.990 2.626 1.000 
SR4 1.467 1.553 1.058 1.390 0.948 1.452 0.990 1.475 1.005 
SR5 3.092 3.326 1.076 3.015 0.975 3.075 0.995 3.097 1.002 
Where P represents system strength. 
 
Frame Nominal Increase of Young’s modulus by one standard deviation1 - 6% (iii) 
Increase of thickness by one 
standard deviation1 - 5 % (iv) 
Increase of yield stress by one 
standard deviation1 - 11 % (vi) 
 Pnom Piii Piii/Pnom Piv Piv/Pnom Pvi Pvi/Pnom 
 [x 1000 kg/beam] 
[x 1000 
kg/beam] 
[x 1000 
kg/beam] 
[x 1000 
kg/beam] [-] 
[x 1000 
kg/beam] [-] 
SR1 2.243 2.258 1.007 2.342 1.044 2.421 1.079 
SR2 1.316 1.351 1.026 1.359 1.033 1.336 1.015 
SR3 2.626 2.681 1.021 2.714 1.034 2.690 1.024 
SR4 1.467 1.497 1.020 1.558 1.062 1.561 1.064 
SR5 3.092 3.124 1.010 3.279 1.061 3.350 1.084 
1 – In accordance with the probabilistic models established in Chapter 4. 
Where P represents system strength. 
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The results indicate that:  
- A material model taking into account strain-hardening of steel does not alter significantly 
system strength predictions. Even for rack frames with failure modes strongly affected by 
yielding of the cross-section – SR1, SR4 and SR5 – system strength predictions vary less 
than 2%. 
- Frame imperfection may be modelled either explicitly by changing frame geometry through 
an out-of-plumb angle or implicitly by notional horizontal forces approach. 
- Member and sectional imperfections affect the system strength of braced rack frames – 
SR4 and SR5. For SR4 frame, no member and sectional imperfections imply an 8% gain of 
system strength when compared to the nominal model. Rack frames prone to sway 
behaviour - SR1, SR2 and SR3 (unbraced) – are almost unaffected by member and 
sectional imperfections. 
- Frame imperfections affect significantly rack frames with sway failure modes – SR2 and 
SR3. For SR2 frame, no out-of-plumb implies a 9% gain of system strength when 
compared to the nominal model (with an out-of-plumb angle of 1/500 rad). Rack frames 
SR1, SR4 and SR5 are not affected by frame imperfections. 
- Increasing Young’s modulus by 10% leads to an increase of the system strength of the 
rack frames. The greatest difference is observed for frame SR2 with a variation of 4% and, 
as expected, frame SR1 with a non-elastic failure has the lesser variation with only 1.1 %. 
- Increasing the thickness by 10 % leads to an increase of the system strength of the rack 
frames. For frames SR1, SR4 and SR5, system strength increases by around 10 % 
whereas for frames SR2 and SR3, system strength increases by around 6.5 %. 
- Increasing the yield stress by 10 % leads to an increase of the system strength of the rack 
frames. For frames SR1, SR4 and SR5, system strength increases by around 6% whereas 
for frames SR2 and SR3, system strength increases by around 2 %. 
- Rigid joints – For frames SR1 and SR3, system strength increases 15% and 6%, 
respectively. For frames SR2, SR4 and SR5, system strength surprisingly decreases 
between 0.5 % and 5% and the failure mode changes to a local crushing of the upright 
near the rigid joint. The reason for the latter results relates mostly with the adopted point-
based modelling scheme for the joint that leads to high concentration of stresses and 
distortion of the upright in the immediate vicinity of the joint. As stated in Chapter 3, the 
developed FE model may not reproduce accurate failure modes associated with the 
localised failure of the joints. 
- Member imperfections only – No significant difference of system strengths is observed 
between nominal frames with member imperfections only and, with both member and 
sectional imperfections. Braced frames SR4 and SR5 are the most affected with a 
maximum difference of system strengths of 0.5%. 
 
5.1.5 Random models 
 
The statistical variation of the strength of a steel structural system arises from the variability of its 
geometric and physical/material characteristics and affects the structural reliability of the system. 
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Hence, it becomes an essential step to statistically characterise the randomness of system 
strength in terms of fitting probability distribution, mean and coefficient of variation.  
Unfortunately it is not possible to derive a closed-form solution for the statistical properties of 
system strength based on the statistical properties of the variables affecting system strength. 
Consequently, numerical techniques have to be employed to fit a suitable probability function, 
mean and coefficient of variation to the system strength distribution. 
Among these techniques, the Monte-Carlo method is of interest. This method relies on random 
sampling of the considered random variables to obtain a numerical solution. 
On the particular problem of determining the statistics of the system strength, several samples of 
randomly generated values of the system variables are created and incorporated in FE models 
which subsequently are used to obtain system strength predictions. Each sample and 
corresponding system strength prediction is referred to as a simulation. 
The sampling technique used was Latin-hypercube sampling (LHS) which is able to produce low-
discrepancy samples and is popular for structural reliability applications. Compared to direct 
random sampling, LHS requires fewer samples to achieve similar accuracy. In the present study, 
200 simulations are produced for any given case of series SR1 to SR5 with the value of 200 
resulting from a compromise between computational time (relatively large for shell-element based 
analyses) and accuracy of the results. 
The following paragraphs detail the procedure used to implement Monte-Carlo method with Latin-
hypercube sampling. 
(i) A Matlab script was developed that generates 200 samples of random variables according to 
Latin-hypercube sampling (LHS) which are afterwards used to create Abaqus input files (*.inp) 
that define each FE model.  
The considered random variables and respective statistical properties are indicated in Table 5-4 
whereas examples of the code of the developed Matlab script may be found in Section C.1 of 
Appendix C. 
(ii) Numerical failure analyses were then run from the created Abaqus input files. 
(iii) Finally, a Python script was developed that automatically extracts the system strength 
predictions of the 200 simulations according to the failure criteria indicated in Section 5.1.2. 
Examples of the code of the developed Python script may be found in Section C.5 of Appendix C. It 
is important to highlight that system strength is given in terms of a multiple of the reference load 
of 1000 kg/beam. 
In terms of correlation between random variables, the following assumptions were made: 
- Yield stress, Young’s modulus and thickness are partly correlated i.e., all beams present 
the same random value of yield stress, Young’s modulus and thickness and, likewise, all 
uprights present the same random value of yield stress, Young’s modulus and thickness. 
The assumption is justified by the likelihood of all beams being part of the same 
manufacturing batch as well as all uprights being part of the same manufacturing batch. 
- Out-of-plumb angle of each upright is given by the sum of a constant angle - global out-of-
plumb and a variable angle - out-of-plumb noise. The former relates with the overall out-
of-plumb tolerance of the assembly, whereas the latter represents the specific erection 
tolerance of each upright. 
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- Member and sectional imperfections of the uprights are uncorrelated and take into account 
the independent sources of post-manufacturing imperfections. 
- Joint stiffness parameters are perfectly correlated since the methodology validated in 
Chapter 3 assumes that all joints display the same moment-rotation curve (corresponding 
to the average curve). 
 
 
 
 
  
Table 5-4 – Random variables of series SR1 to SR5. 
Series ID SR1  SR2  SR3  SR4  SR5  
             
Ra
nd
do
m
 V
ar
ia
bl
es
1  
M
at
er
ia
l 
Pr
op
er
tie
s 
Eu [Gpa]  
Normal (µ = 200, σ = 
12) 
 Normal (µ = 200, σ = 
12) 
 Normal (µ = 200, σ = 
12) 
 Normal (µ = 200, σ = 
12) 
 Normal (µ = 200, σ = 
12) 
fyu [Mpa]  
Lognormal (µ = 330, σ 
= 33) 
 Lognormal (µ = 330, σ 
= 33) 
 Lognormal (µ = 330, σ 
= 33 ) 
 Lognormal (µ = 330, σ 
= 33) 
 Lognormal (µ = 330, σ 
= 33) 
Eb [Gpa]  
Normal (µ = 200, σ = 
12) 
 Normal (µ = 200, σ = 
12) 
 Normal (µ = 200, σ = 
12) 
 Normal (µ = 200, σ = 
12) 
 Normal (µ = 200, σ = 
12) 
fyb [Mpa]  
Lognormal (σ = 330, s 
= 33) 
 Lognormal (µ = 330, σ 
= 33) 
 Lognormal (µ = 330, σ 
= 33) 
 Lognormal (µ = 330, σ 
= 33) 
 Lognormal (µ = 330, σ 
= 33) 
             
Fa
b.
 
To
le
r. 
tu [mm]  
Normal (µ = 1.5, σ = 
0.075) 
 Normal (µ = 1.2, σ = 
0.06) 
 Normal (µ = 2.4 σ = 
0.12) 
 Normal (µ = 1.2, σ = 
0.06) 
 Normal (µ = 2.4 σ = 
0.12) 
tb [mm]  
Normal (µ = 1.6, σ = 
0.08) 
 Normal (µ = 1.6, σ = 
0.08) 
 Normal (µ = 1.6, σ = 
0.08) 
 Normal (µ = 1.6, σ = 
0.08) 
 Normal (µ = 1.6, σ = 
0.08) 
Other dimensions  -  -  -  -  - 
             
Jo
in
t 
st
iff
ne
ss
 
M1 [kNm]  
Lognormal (µ = 
1.236, σ = 0.08 x 
1.236) 
 Lognormal (µ = 1.236, 
σ = 0.08 x 1.236) 
 Lognormal (µ = 
3.478, σ = 0.08 x 
3.478) 
 Lognormal (µ = 1.236, 
σ = 0.08 x 1.236) 
 Lognormal (µ = 3.478, 
σ = 0.08 x 3.478) 
M2 [kNm]  
Lognormal (µ = 
1.552, σ = 0.07 x 
1.552) 
 Lognormal (µ = 1.552, 
σ = 0.07 x 1.552) 
 Lognormal (µ = 
5.078, σ = 0.07 x 
5.078) 
 Lognormal (µ = 1.552, 
σ = 0.07 x 1.552) 
 Lognormal (µ = 5.078, 
σ = 0.07 x 5.078) 
θ1 [rad]  
Lognormal (µ = 
0.039, σ = 0.14 x 
0.039) (/4) 
 Lognormal (µ = 0.039, 
σ = 0.14 x 0.039) (/4) 
 Lognormal (µ = 
0.046, σ = 0.14 x 
0.046) (/4) 
 Lognormal (µ = 0.039, 
σ = 0.14 x 0.039) (/4) 
 Lognormal (µ = 0.046, 
σ = 0.14 x 0.046) (/4) 
θ2 [rad]  
Lognormal (µ = 0.07, 
σ = 0.17 x 0.07) (/4) 
 Lognormal (µ = 0.07, 
σ = 0.17 x 0.07) (/4) 
 Lognormal (µ = 
0.106, σ = 0.17 x 
0.106) (/4) 
 Lognormal (µ = 0.07, 
σ = 0.17 x 0.07) (/4) 
 Lognormal (µ = 0.106, 
σ = 0.17 x 0.106) (/4) 
             
G
eo
m
et
ri
c 
Im
pe
rf
ec
tio
ns
 
Fr
am
e 
Out-of-plumb: global 
[rad]  
Normal (µ = 0, σ = 
1/980)  
Normal (µ = 0, σ = 
1/980)  
Normal (µ = 0, σ =  
1/980)  
Normal (µ = 0, σ =  
1/980)  
Normal (µ = 0, σ =  
1/980) 
Out-of-plumb: noise 
[rad]  
Normal (µ = 0, σ = 
1/4600)  
Normal (µ = 0, σ = 
1/4600)  
Normal (µ = 0, σ = 
1/4600)  
Normal (µ = 0, σ = 
1/4600)  
Normal (µ = 0, σ = 
1/4600) 
            
U
pr
ig
ht
3  
Bow factor [-] & half-
wavelength [mm]  
SignNormal (µ = 
1/2250, σ = 1/3500) 
& 1200 w/Damage: 
Everything remains 
the same except for 
an upright where the 
imperfection is taken 
as 1/333 & 1200 for 
the first span 
 
SignNormal (µ = 
1/2250, σ = 1/3500) 
& 1150 w/Damage: 
Everything remains 
the same except for 
an upright where the 
imperfection is taken 
as 1/333 & 1150 for 
the first span 
 
SignNormal (µ = 
1/2250, σ = 1/3500) 
& 1150 w/Damage: 
Everything remains 
the same except for 
an upright where the 
imperfection is taken 
as 1/333 & 1150 for 
the first span 
 
SignNormal (µ = 
1/2250, σ = 1/3500) 
& 1150 w/Damage: 
Everything remains 
the same except for 
an upright where the 
imperfection is taken 
as 1/333 & 1150 for 
the first span 
 
SignNormal (µ = 
1/2250, σ = 1/3500) 
& 1150 w/Damage: 
Everything remains 
the same except for 
an upright where the 
imperfection is taken 
as 1/333 & 1150 for 
the first span 
Camber factor [-] & 
half-wavelength [mm]  
SignNormal (µ = 
1/2500, σ = 1/3300) 
& 2600 w/Damage: 
Everything remains 
the same except for 
 
SignNormal (µ = 
1/2500, σ = 1/3300) 
& 1950 w/Damage: 
Everything remains 
the same except for 
 
SignNormal (µ = 
1/2500, σ = 1/3300) 
& 1950 w/Damage: 
Everything remains 
the same except for 
 
SignNormal (µ = 
1/2500, σ = 1/3300) 
& 1950 w/Damage: 
Everything remains 
the same except for 
 
SignNormal (µ = 
1/2500, σ = 1/3300) 
& 1950 w/Damage: 
Everything remains 
the same except for 
  
an upright where the 
imperfection is taken 
as 1/200 & 2600 for 
the first span 
an upright where the 
imperfection is taken 
as 1/200 & 1950 for 
the first span 
an upright where the 
imperfection is taken 
as 1/200 & 1950 for 
the first span 
an upright where the 
imperfection is taken 
as 1/200 & 1950 for 
the first span 
an upright where the 
imperfection is taken 
as 1/200 & 1950 for 
the first span 
Twist rate  [o/m] & 
half-wavelength [mm]  
SignNormal2 (µ = 
0.25, σ = 0.2) & 2600  
SignNormal (µ = 0.25, 
σ = 0.2) & 1950  
SignNormal (µ = 0.25, 
σ = 0.2) & 1950  
SignNormal (µ = 0.25, 
σ = 0.2) & 1950  
SignNormal (µ = 0.25, 
σ = 0.2) & 1950 
Distortional factor [-] 
(x t) & half-
wavelength [mm] 
 SignNormal (µ = 0.81, σ = 0.62) & 1200   
SignNormal (µ = 0.81, 
σ = 0.62) & 1150  
SignNormal (µ = 0.81, 
σ = 0.62) & 575  
SignNormal (µ = 0.81, 
σ = 0.62) & 1150  
SignNormal (µ = 0.81, 
σ = 0.62) & 575 
            
B
ea
m
4  
Bow factor [-] & half-
wavelength [mm]  
SignNormal (µ = 
1/2250, σ = 1/3500) 
& 2660 
 
SignNormal (µ = 
1/2250, σ = 1/3500) 
& 2380 
 
SignNormal (µ = 
1/2250, σ = 1/3500) 
& 2380 
 
SignNormal (µ = 
1/2250, σ = 1/3500) 
& 2380 
 
SignNormal (µ = 
1/2250, σ = 1/3500) 
& 2380 
Camber factor [-] & 
half-wavelength [mm]  
SignNormal (µ = 
1/2500, σ = 1/3300) 
& 2660 
 
SignNormal (µ = 
1/2500, σ = 1/3300) 
& 2380 
 
SignNormal (µ = 
1/2500, σ = 1/3300) 
& 2380 
 
SignNormal (µ = 
1/2500, σ = 1/3300) 
& 2380 
 
SignNormal (µ = 
1/2500, σ = 1/3300) 
& 2380 
Twist rate  [o/m] & 
half-wavelength [mm]  
SignNormal (µ = 0.25, 
σ = 0.2) & 2660  
SignNormal (µ = 0.25, 
σ = 0.2) & 2380  
SignNormal (µ = 0.25, 
σ = 0.2) & 2380  
SignNormal (µ = 0.25, 
σ = 0.2) & 2380  
SignNormal (µ = 0.25, 
σ = 0.2) & 2380 
Distortional factor [-] 
(x t) & half-
wavelength [mm] 
 SignNormal (µ = 0.81, σ = 0.62) & 140  
SignNormal (µ = 0.81, 
σ = 0.62) & 140  
SignNormal (µ = 0.81, 
σ = 0.62) & 140  
SignNormal (µ = 0.81, 
σ = 0.62) & 140  
SignNormal (µ = 0.81, 
σ = 0.62) & 140 
Local factor [-] (x t) & 
half-wavelength [mm]  
SignNormal (µ = 
0.375, σ = 0.34) & 30  
SignNormal (µ = 
0.375, σ = 0.34) & 30  
SignNormal (µ = 
0.375, σ = 0.34) & 30  
SignNormal (µ = 
0.375, σ = 0.34) & 30  
SignNormal (µ = 
0.375, σ = 0.34) & 30 
 
1 – The format of the entry corresponds to Probability distribution (µ = mean, σ=standard deviation). 
2 – SignNormal probability distribution corresponds to the product of a random variable ‘sign’ (-1 or +1) and a random variable following a normal 
distribution. 
3 – Member and sectional imperfections are uncorrelated. 
4 – Member and sectional imperfections are correlated within each frame. 
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5.1.6 Strength distribution and bias 
 
The individual results of system strength for all simulations may be found in Appendix D. In this 
section, Table 5-5 summarises the statistical results obtained for each frame of series SR1 to SR5. 
Random frames of series SR1, SR2, SR3, SR4 and SR5 tend to fail in the same mode as the 
nominal model – see Table 5-2 – and these failure modes are shown in Figures 5-6, 5-8, 5-10, 5-
12 and 5-14, respectively. 
Figures 5-16 to 5-20 represent the histograms of system strength for each case. 
 
Table 5-5 – System strength statistics. 
 Frame Nominal system strength - Rn 
Statistics of system strength Bias – µR/Rn Mean - µR CoV 
[x 1000 kg/beam] [x 1000 kg/beam] [-] [-] 
S
R
1 
SR1 2.243 2.385 0.078 1.063 
SR1 wD - 2.362 0.078 1.053 
SR1a 2.255 2.392 0.079 1.061 
SR1a wD - 2.372 0.074 1.052 
SR1b 2.313 2.449 0.095 1.059 
SR1b wD - 2.441 0.094 1.055 
S
R
2 
SR2 1.312 1.407 0.073 1.072 
SR2 wD - 1.309 0.078 0.995 
SR2 wD2 - 1.310 0.077 0.995 
SR2a 1.327 1.419 0.068 1.069 
SR2a wD - 1.315 0.081 0.991 
SR2a wD2 - 1.335 0.075 1.006 
SR2b 1.357 1.439 0.066 1.061 
SR2b wD - 1.316 0.080 0.970 
SR2b wD2 - 1.376 0.070 1.014 
S
R
3 
SR3 2.626 2.794 0.070 1.064 
SR3 wD - 2.719 0.066 1.036 
SR3a 2.653 2.817 0.072 1.062 
SR3a wD - 2.747 0.065 1.035 
SR3b 2.696 2.837 0.055 1.052 
SR3b wD - 2.763 0.066 1.025 
S
R
4 
SR4 1.467 1.532 0.087 1.044 
SR4 wD - 1.330 0.089 0.906 
SR4a 1.454 1.537 0.082 1.057 
SR4a wD - 1.331 0.086 0.916 
SR4b 1.470 1.551 0.088 1.055 
SR4b wD - 1.335 0.087 0.908 
S
R
5 
SR5 3.092 3.239 0.079 1.048 
SR5 wD - 2.895 0.087 0.937 
SR5a 3.038 3.222 0.086 1.061 
SR5a wD - 2.897 0.092 0.954 
SR5b 3.050 3.220 0.074 1.056 
SR5b wD - 2.892 0.081 0.948 
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Figure 5-16 – Histograms of system strength for series SR1. 
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Figure 5-17 – Histograms of system strength for series SR2. 
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Figure 5-18 – Histograms of system strength for series SR3. 
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Figure 5-19 – Histograms of system strength for series SR4. 
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Figure 5-20 – Histograms of system strength for series SR5. 
5. System Strength and System Strength Distributions 
 147  
 
From the results, it may be observed that: 
- Damage scenarios involving a deformation of the upright equal to the maximum bow and 
camber allowed by the Australian Standard AS4084 (not requiring further action) may be 
quite penalising, especially for failure modes associated with the failure of the uprights. 
- Damage causes a reduction of system strength of about 14% and 10% for frames of series 
SR4 and SR5, respectively, whereas for frames of series SR2 and SR3, the reduction 
equals 7.5% and 2.5%, respectively. Hence, it follows that system strength of braced rack 
frames is more affected than system strength of unbraced rack frames and, rack frames 
composed of thinner uprights are more vulnerable that rack frames composed by their 
thicker counterparts. The results agree with the results obtained in section 5.1.4 on the 
influence of member imperfections. For frames of series SR1, which fail by the formation of 
plastic hinges at the beams, the reduction of system strength is almost negligible by less 
than 1%. 
- Reliability studies for damaged rack frames will be conducted in Chapter 6 and will provide 
further information on an eventual revision of the current damage clauses as per 
Australian Standard AS4084. 
- Bias or mean-to-nominal strength (µR/Rn) ratios of undamaged racks are relatively 
consistent and range from 1.044 to 1.072. Overall it seems that braced rack frames 
present a slightly less bias – about 1.053 - than unbraced rack frames – about 1.063. 
- Value of bias is always greater than 1.0 which derives from the adopted nominal model as 
follows: (i) nominal parameters where conservative assumptions are specified – out-of-
plumb angle, member imperfections and/or yield stress – have a significant effect on the 
system strength as shown in section 5.1.4 and thus, contribute for an increase of the value 
of Rm/Rn; (ii) nominal parameters where neutral assumptions are specified – remaining 
parameters –contribute for a value of Rm/Rn of 1.0. 
- Coefficients of variation of system strength range from 0.055 to 0.095 and certain trends 
may be identified. Overall, it seems that unbraced rack frames present a smaller 
coefficient of variation – about 0.067 – than braced rack frames – about 0.083. Rack 
frames composed by thinner uprights seem to display a slightly greater coefficient of 
variation than rack frames composed by thicker uprights – approximately 6% greater. 
- Together with the greater sensitivity shown by braced rack frames to thickness variability, 
the results of coefficient variation seems to indicate that the influence of the variability of 
member and, to a lesser degree, sectional imperfections (primary element for braced rack 
frames) is greater than the variability of out-of-plumb angle (primary element for 
unbraced rack frames). 
 
5.2 PORTAL FRAMES 
 
Cold-formed portal frames are light and functional structural solutions commonly used in 
industrial, commercial and rural buildings. They are composed of rafters, columns and joints and 
constitute the primary structural system of a skeleton that includes secondary elements such as 
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purlins, girts, bracings, roof sheathing and wall sheathing. Typologies vary with the requirements 
but the width of each bay may reach up to 20 metres and the height of the frame may go up to 12 
metres. 
Permanent load acting over the structure include self-weight and superimposed loads of different 
origin. Self-weight has to take into account the weight of all structural components directly 
supported by the portal frame - columns, rafters, joints, purlins, girts, bracing members, roof and 
wall sheathing, and possiblyl suspended walkways or platforms. Superimposed loads take into 
account insulation, non-structural coatings and permanent equipments. 
Imposed load acting over the portal frame includes roof live/imposed load that is typically low for 
pitched roofs and is mostly associated with maintenance operations and waste accumulation, and, 
imposed loads related to possible suspended walkways, platforms or cranes. 
Environmental actions like wind and/or snow typically govern the design of portal frames. The 
magnitude and pattern of the wind and snow loads depend on the location, geometry of the 
structure, shielding effects and other specific factors (permeability, topography and dynamic effect 
for wind action). Seismic action is also susceptible to affect the design of CF portal frames. 
In this doctoral thesis, CF portal frames are considered to be subjected to (i) gravity load only 
(permanent and imposed) and (ii) gravity loads plus wind load. 
 
5.2.1 Structural frames 
 
Similarly to storage rack frames, there was a deliberate effort for the analysed configurations to 
reproduce actual cold-formed portal frames by adopting commercially available cross-sections 
(loosely adapted) and considering span lengths, eave heights and pitch angles which agree with 
common values used in practice. 
Regarding joint behaviour, it is not the purpose of this study to analyse frames where structural 
collapse occurs due to joint failure and thus, moment-rotation curves corresponding to an almost 
rigid behaviour and with a low likelihood of failure were used.  
Although the modelling scheme assumes that all joints are composed of bolted connections with 
gusset plates or brackets, no further detail is given on the specific joint configuration associated 
with such moment-rotation behaviour. 
It is worthwhile to mention that while conceptualising the representative frames, a conscious effort 
was made to avoid cold-formed portal frames that would reach serviceability limit states (out of 
the scope of this doctoral thesis) prior to the ultimate limit states.  
Four main configurations of cold-formed portal frames were considered. Series PF1 and PF2 are 
composed of single channel members (with the columns of frames PF1 being thinner than the 
columns of frames PF2) while series PF3 and PF4 are composed of back-to-back channels (with the 
columns of frames PF3 being thicker than the columns of frames PF4). 
(i) Series PF1 consists of low-rise single-bay and single-storey portal frames. Eave and apex 
heights equal 4800 and 6000 mm, respectively, whereas bay width equals 8000 mm. 
The cross-section adopted for the column is a single lipped channel cross-section 302 mm deep, 
96 mm wide, 1.5 mm thick and 25 mm deep lips. The cross-section adopted for the rafters is a 
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single lipped channel 352 mm deep, 108 mm wide, 2.4 mm thick and 40 mm deep lips. Both 
members bend about the major axis of the cross-section. 
The nominal yield stress of the considered virgin steel is equal to 550 MPa. 
The eave, apex and column-base joints are assumed to be materialised by bolted connections with 
the use of brackets. Semi-rigid parameters were selected as per Table 5-6. 
 
Table 5-6 – PF1: semi-rigid parameters of joints. 
 Eave Apex Column-Base 
M1 [kNm] 32 28 30 
M2 [kNm] 38 40 50 
K1 [kNm/rad] 6400 14000 6000 
K2 [kNm/rad] 400 1500 450 
 
Out-of-plane restraints representing purlins and girts are considered with a spacing of 1000 mm 
and 1550 mm, respectively. 
Under gravity loads, frames of series PF1 are prone to fail due to distortional buckling of the 
columns near the eave. 
For a combination involving wind load, a greater lateral capacity is required and thus, columns and 
semi-rigid parameters of joints were modified as follows: spacing of girts was decreased to 760 
mm and joint stiffness was doubled. 
Under gravity loads and wind loads, frames of series PF1 are prone to fail in a sway-mode 
triggered by distortional buckling of the columns.  
(ii) Series PF2 consists of medium-rise single-bay and single-storey portal frames. Eave and apex 
heights equal 6300 mm and 7500 mm, respectively, whereas bay width equals 8000 mm. 
The cross-section adopted for the column is a single lipped channel cross-section 203 mm deep, 
74 mm wide, 2.4 mm thick and 20.5 mm deep lips. The cross-section adopted for the rafters is a 
single lipped channel 352 mm deep, 108 mm wide, 2.4 mm thick and 40 mm deep lips. Both 
members bend about the major axis of the cross-section. 
The nominal yield stress of the considered virgin steel is equal to 550 MPa. 
The eave, apex and column-base joints are assumed to be materialised by bolted connections with 
the use of brackets. Semi-rigid parameters were selected for the eave and apex whereas the 
column-base joints were assumed to be pinned as per Table 5-7. 
Out-of-plane restraints representing purlins and girts are considered with a spacing of 600 mm 
and 1550 mm, respectively. 
 
Table 5-7 – PF2: semi-rigid parameters of joints. 
 Eave Apex Column-Base 
M1 [kNm] 32 28 - 
M2 [kNm] 38 40 - 
K1 [kNm/rad] 6400 14000 Pinned 
K2 [kNm/rad] 400 1500 Pinned 
 
Under gravity loads, frames of series PF2 are prone to fail by sway buckling triggered by flexural-
torsional buckling of the columns. 
For a combination involving wind load, a greater lateral capacity is required and thus, columns and 
semi-rigid parameters of joints were modified  as follows: cross-section of the columns was 
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enlarged – lipped single channel 302 mm deep, 94 mm wide, 2.4 mm thick and 25 mm deep lips, 
spacing of girts was decreased to 762.5 mm, joint stiffness of eaves and apex was doubled and 
pinned behaviour of column-base connection was changed to semi-rigid with the following 
parameters: 60 kNm, 100 kNm, 6000 kNm/rad and 450 kNm/rad (M1, M2, K1 and K2). 
Under gravity loads and wind loads, frames of series PF2 are prone to fail in a sway-mode 
triggered by distortional and lateral-torsional buckling of the columns.  
(iii) Series PF3 consists of medium-rise single-bay and single-storey portal frames. Eave and apex 
heights equal 7800 mm and 9900 mm, respectively, whereas bay width equals 14000 mm. 
The cross-section adopted for the column is composed of back-to-back lipped channels with a 
cross-section 203 mm deep, 74 mm wide, 2.4 mm thick and 20.5 mm deep lips. The cross-section 
adopted for the rafters is composed of back-to-back lipped channels with a cross-section of 352 
mm deep, 108 mm wide, 2.4 mm thick and 40 mm deep lips. Both members bend about the major 
axis of the cross-section. 
The nominal yield stress of the considered virgin steel is equal to 550 MPa. 
The eave, apex and column-base joints are assumed to be materialised by bolted connections with 
the use of brackets. Semi-rigid parameters were selected for the eave and apex whereas the 
column-base joints were assumed to be pinned as per Table 5-8. 
 
Table 5-8 – PF3: semi-rigid parameters of joints. 
 Eave Apex Column-Base 
M1 [kNm] 38 34 - 
M2 [kNm] 46 48 - 
K1 [kNm/rad] 7600 17000 Pinned 
K2 [kNm/rad] 400 1750 Pinned 
 
Out-of-plane restraints representing purlins and girts are considered with a spacing of 700 mm 
and 1550 mm, respectively. 
Under gravity loads, frames of series PF3 are prone to fail by pure sway buckling of the frame. 
For a combination involving wind load, a greater lateral capacity is required and thus, columns and 
semi-rigid parameters of joints were modified as follows: cross-section of the columns was 
enlarged – back-to-back lipped channels 302 mm deep, 94 mm wide, 2.4 mm thick and 25 mm 
deep lips, spacing of girts was decreased to 760 mm, joint stiffness of eaves and apex was 
doubled and pinned behaviour of column-base connection was changed to semi-rigid with the 
following parameters: 60 kNm, 100 kNm, 6000 kNm/rad and 450 kNm/rad (M1, M2, K1 and K2). 
Under gravity loads and wind loads, frames of series PF3 are prone to fail in a sway-mode limited 
by the drift criterion.  
(iv) Series PF4 consists of low-rise single-bay and single-storey portal frames. Eave and apex 
heights equal 4800 mm and 6900 mm, respectively, whereas bay width equals 14000 mm. 
The cross-section adopted for the column is composed of back-to-back lipped channels with a 
cross-section 254 mm deep, 76 mm wide, 1.2 mm thick and 21 mm deep lips. The cross-section 
adopted for the rafters is composed of back-to-back lipped channels with a cross-section of 352 
mm deep, 108 mm wide, 2.4 mm thick and 40 mm deep lips. Both members bend about the major 
axis of the cross-section. 
The nominal yield stress of the considered virgin steel is equal to 550 MPa. 
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The eave, apex and column-base joints are assumed to be materialised by bolted connections with 
the use of brackets. Semi-rigid parameters were selected for the eave and apex whereas the 
column-base joints were assumed to be pinned as per Table 5-9. 
 
Table 5-9 – PF4: semi-rigid parameters of joints. 
 Eave Apex Column-Base 
M1 [kNm] 38 34 - 
M2 [kNm] 46 48 - 
K1 [kNm/rad] 4800 10500 Pinned 
K2 [kNm/rad] 300 1125 Pinned 
 
Out-of-plane restraints representing purlins and girts are considered with a spacing of 700 mm 
and 1550 mm, respectively. 
Under gravity loads, frames of series PF4 are prone to fail by sway buckling triggered by 
distortional buckling of the columns near the eave. 
For a combination involving wind load, a greater lateral capacity is required and thus, columns and 
semi-rigid parameters of joints were modified as follows: spacing of girts was decreased to 780 
mm, joint stiffness of eaves and apex was doubled and pinned behaviour of column-base 
connection was changed to semi-rigid with the following parameters: 60 kNm, 100 kNm, 6000 
kNm/rad and 450 kNm/rad (M1, M2, K1 and K2). 
Under gravity loads and wind loads, frames of series PF4 are prone to fail in a sway-mode 
triggered by distortional buckling of the columns.  
With the developed series PF1 to PF4, relevant failure modes of CF portal frames are considered 
and system strength characteristics may be derived. 
 
5.2.1 Load cases and analyses 
 
Two load combinations are considered as acting on the CF portal frames in this study: (i) gravity 
loads only corresponding to permanent and imposed load and (ii) gravity loads plus wind load. 
Gravity load is applied as a vertical surface traction load on the top-flanges of the channel 
members and represents a uniformly distributed load along the length of the rafters as per Figure 
5-21. It includes a permanent load – self-weight of the structure and other superimposed loads - 
and an imposed load – roof imposed/live load. The self-weight of columns, girts and wall sheathing 
is not explicitly modelled and is assumed to be incorporated in the permanent load applied on the 
rafters. 
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Figure 5-21 – CF portal frame under gravity loads. 
 
Wind action causes a set of pressures acting on the facades of the structure. The pressure takes 
into account the regional wind speeds, geometry of the structure, shielding effect of the 
surrounding buildings, topography of the implantation site, permeability of the facades and 
dynamic effects and, as a simplification, it is assumed to be uniformly distributed along the facade 
of low-rise buildings for global analyses of the structure. 
Multiple pressure patterns may be considered that take into account the effect of external and 
internal pressure. In this doctoral thesis, a single wind pattern as shown in Figure 5-22 is adopted 
for the analyses involving wind load. The wind load is modelled as pressure loads on the outer-
flanges of the channel members. The selected wind pattern is based on the geometry of the 
representative CF portal frames and penalising assumptions that lead to the greatest sway effect 
as per Australian Standard AS1170.2 [280]. 
 
 
Figure 5-22 – CF portal frame under patterned wind load. 
 
The limited availability of statistical data for the semi-rigid behaviour of cold-formed bolted joints 
was mentioned in Chapter 4. This lack data led to the necessity of considering two limit scenarios 
regarding the variability of the parameters of joint stiffness.  For the representative frames, 
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nominal failure modes tend to occur while joints are still on the first branch (elastic) or at the 
beginning of the second branch of the bi-linear curve used to model the semi-rigid behaviour. 
Therefore, parameter K1 – initial stiffness – is of greatest relevance. 
Accordingly, system strength distributions for frames under gravity loads are obtained from the 
following scenarios: 
Scenario 1 
- A conservative scenario is considered where the coefficient of variation of parameter K1 is 
equal to 0.30. 
- The coefficient of variation of parameters K2, M1 and M2 is taken as 0.15, 0.10 and 0.15, 
respectively. 
Scenario 2 
- An optimistic scenario is considered where the coefficient of variation of parameter K1 is 
equal to 0.20. 
- The coefficient of variation of the parameters K2, M1 and M2 remains as per scenario 1. 
In terms of notation, CF portal frames under gravity loads only as per scenario 1 are referred to by 
the series name – PF1, PF2, PF3 and PF4, CF portal frames under gravity loads only as per 
scenario 2 are referred to by the series name and added suffix ‘a’ – PF1a, PF2a, PF3a and PF4a. 
Results are detailed in section 5.2.6 and seem to indicate that system strength predictions for the 
representative frames are not significantly altered in the two scenarios.  
For CF portal frames under gravity loads plus wind load, only scenario 1 (conservative) is 
considered and they are referred by the series name with the first letter being replaced by a ‘W’ – 
WF1, WF2, WF3 and WF4. 
 
All numerical analyses performed on CF portal frames under gravity loads have a single step. The 
step consists on a modified Riks analysis *STATIC, RIKS where a uniformly distributed load with a 
reference magnitude of 1 kN/m is proportionally applied to the rafters and as a result, the non-
linear load-displacement response of the rack frame until structural collapse and beyond is 
obtained. 
All numerical analyses performed in CF portal frames under gravity loads plus wind load entail two 
sequential steps. The first step consists of a non-linear general static stress analysis *STATIC 
where gravity load is applied. The magnitude of load varies function of the spacing between portal 
frames and the value of the equivalent permanent load distribution (no roof live load is expected 
for a scenario of maximum wind). The response is predominantly elastic. 
The second step consists on a modified Riks analysis *STATIC, RIKS where a patterned wind load 
(as per Figure 5-22) with a reference magnitude of 1kN/m is proportionally applied to the frame 
and, as a result, the non-linear load-displacement response of the rack frame until structural 
collapse and beyond is obtained. 
Similar to storage rack frames, (ultimate) system strength corresponds to structural collapse, 
which is defined by the minimum value of either (i) peak load of the load-displacement response of 
the structure, (ii) load corresponding to the point for which the slope of load-displacement 
response of the structure equal 5% of its initial value, or (iii) load corresponding to the point for 
which the lateral drift equal 5% of the height. For CF portal frames under gravity loads only, 
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system strength is written in terms of a multiple of the reference gravity load whereas for CF 
portal frames under gravity loads plus wind load, system strength is written in terms of a multiple 
of the reference patterned wind load. 
Frames from series PF3 tend to fail by pure sway buckling which means that the load-displacement 
response has an asymptotic behaviour and thus, Ziemian’s criterion (ii) - 95% stiifness reduction - 
is enforced to obtain system strength predictions. Frames from the remaining series return similar 
system strength predictions by both criteria and thus, for ease of numerical implementation, 
system strength is taken as the peak load of the load-displacement response of the structure. 
It should be noted that, with the exception of frames belonging to series PF3, a numerical analysis 
is only considered completed if load-displacement response includes the ascending branch followed 
by a few points of the descending branch. If convergence issues cause the analysis to stop before 
reaching the descending branch, the analysis is repeated with different time increment 
parameters. 
 
5.2.3 Nominal model and failures modes 
 
The nominal model of CF portal frames refers to the FE model built as per Chapter 3 and in 
accordance with the design provisions of Australian Standard AS4600 [189]. The resulting system 
strength corresponds to the nominal system strength. 
Table 5-10 summarises the main parameters of the nominal models and Figure 5-23 shows the 
nominal FE models. 
Nominal geometry of the CF portal frame is defined as per manufacturing and installation nominal 
values. Young’s modulus has a nominal value of 200 GPa and yield stress is taken as 550 MPa. 
The semi-rigid parameters employed in the nominal model correspond to the mean results of eave, 
apex and column-base component tests. 
Nominal out-of-plumb was assumed as 1/500 rad. For the nominal member imperfections, 
amplitude results from the product of the relevant factor given in Table 5-10 by the half-
wavelength.  
The nominal model is based in the worst combination of geometric imperfections, i.e., 
combinations of the directions of each imperfection are implemented in the nominal model and the 
one that returns the lower system strength prediction is adopted as the nominal geometric 
imperfection and the associated system strength becomes the nominal system strength.  
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a) b) 
 
 
c) d) 
Figure 5-23 – Nominal FE models: a) PF1, b) PF2, c) PF3 and d) PF4. 
 
 
 
   
Table 5-10 – Nominal properties of series PF1 to PF4. 
Series ID PF1  PF2  PF3  PF4 
  
 
 
 
 
 
 
C
ha
ra
ct
er
is
tic
s 
Layout [-]  
> Heave = 4800 mm 
> Hapex = 6000 mm 
> Span of the bay = 
8000 mm 
 > Heave = 6300 mm 
> Hapex = 7500 mm 
> Span of the bay = 
8000 mm 
 > Heave = 7800 mm 
> Hapex = 9900 mm 
> Span of the bay = 
14000 mm 
 > Heave = 4800 mm 
> Hapex = 6900 mm 
> Span of the bay = 
14000 mm 
Column (H x W x tc) [mm] 
 For wind analysis  
C (302 x 96 x 1.5) 
-  
C (203 x 76 x 2.4) 
C (302 x 94 x 2.4)  
2 x C (203 x 76 x 
2.4) 
2 x C (302 x 94 x 
2.4) 
 2 x C (254 x 76 x 1.2) - 
Rafter (H x W x tb) [mm]  C (352 x 108 x 2.4)  C (352 x 108 x 3.0)  
2 x C (352 x 108 x 
3.0)  
2 x C (352 x 108 x 
3.0) 
Bracing In-plane [-]  Unbraced  Unbraced  Unbraced  
Cross-bracing spaced 
1950 mm 
Out-of-plane: purlins [-]  Spaced 1000 mm  Spaced 600 mm  Spaced 700 mm  Spaced 700 mm 
  
Out-of-plane: girts 
 For wind analysis [-
] 
 Spaced 1550 mm  760 mm  
Spaced 1550 mm 
 762.5 mm  
Spaced 1550 mm 
 760 mm  
Spaced 1550 mm 
 780 mm 
 
           
N
om
in
al
 
M
at
er
ia
l 
Pr
op
er
tie
s 
Ec [Gpa]  200  200  200  200 
fyc [Mpa]  550  550  550  550 
Eb [Gpa]  200  200  200  200 
fyb [Mpa]  550  550  550  550 
           
Fa
b.
 
To
le
r. tc [mm]  1.5  2.4  2.4  1.2 
tb [mm]  2.4  3.0  3.0  3.0 
Other dimensions  As per layout  As per layout  As per layout  As per layout 
           
Jo
in
t 
st
iff
ne
ss
 
Ea
ve
 M1 [kNm] (wind analysis)  32 (64)  32 (64)  38 (76)  38 (76) 
M2 [kNm] (wind analysis)  38 (76)  38 (76)  46 (92)  46 (92) 
K1 [kNm/rad]   6400  6400  7600   4800 
K2 [kNm/rad]  400  400  400  300 
         
A
pe
x 
M1 [kNm] (wind analysis)  28 (56)  28 (56)  34 (68)  34 (68) 
M2 [kNm] (wind analysis)  40 (80)  40 (80)  48 (96)  48 (96) 
K1 [kNm/rad]  14000  14000  17000  10500 
K2 [kNm/rad]  1500  1500  1750  1125 
         
C
ol
um
n-
ba
se
 
M1 [kNm] (wind analysis)  30 (60)  Pinned (60)  Pinned (60)  Pinned (60) 
M2 [kNm] (wind analysis)  60 (100)  Pinned (100)  Pinned (100)  Pinned (100) 
K1 [kNm/rad] (wind analys)  6000  Pinned (6000)  Pinned (6000)  Pinned (6000) 
 K2 [kNm/rad] (wind analys)  450  Pinned (450)  Pinned (450)  Pinned (450) 
           
 I m p  r a m
 Out-of-plumb: global [rad]  1/500  1/500  1/500  1/500 
          
   
C
ol
um
n 
Bow factor [-] & half-
wavelength [mm] 
 For wind analysis 
 1/1000 & 1550 1/1000 & 760  
1/1000 & 1550 
1/1000 & 762.5  
1/1000 & 1550 
1/1000 & 760  
1/1000 & 1550 
1/1000 & 780 
Camber factor [-] & half-
wavelength [mm]  1/1000 & 4600  1/1000 & 6100  1/1000 & 7600  1/1000 & 4600 
Twist rate  [o/m] & half-
wavelength [mm]  0  0  0  0 
Distortional factor [-] (x t) & 
half-wavelength [mm]  0  0  0  0 
 Local factor [-] (x t) & half-wavelength [mm]  0  0  0  0 
          
Ra
ft
er
 
Bow factor [-] & half-
wavelength [mm]  1/1000 & 1000  1/1000 & 600  1/1000 & 700  1/1000 & 700 
Camber factor [-] & half-
wavelength [mm]  1/1000 & 3600  1/1000 & 3600  1/1000 & 6800  1/1000 & 4800 
Twist rate  [o/m] & half-
wavelength [mm]  0  0  0  0 
Distortional factor [-] (x t) & 
half-wavelength [mm]  0  0  0  0 
Local factor [-] (x t) & half-
wavelength [mm]  0  0  0  0 
           
For wind analysis:Gravity load [kN/m]  0.45 to 1.2  0.8 to 3.6  0.8 to 1.8  1.0 to 2.4 
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Table 5-11 summarises the nominal system strength and failure modes of portal frames PF1 to PF4 
and WF1 to WF4. The following paragraphs provide detail about the observed failure modes. 
 
Table 5-11 – Nominal system strengths and failure modes. 
Frame Nominal system strength - Rn 
[kN/m] 
Failure mode  
[-] 
PF1 8.37 Distortional buckling of the columns 
PF2 16.29 Sway buckling triggered by flexural-
torsional buckling of the columns 
PF3 10.03 Pure sway buckling 
PF4 13.69 Sway buckling triggered by 
distortional buckling of the columns 
WF1 (Dn=1.2 kN/m) 4.57 Sway buckling triggered by 
distortional buckling of the columns 
WF2 (Dn=2.4 kN/m) 10.91 Sway buckling triggered by 
distortional and lateral-torsional 
buckling of the columns 
WF3 (Dn=1.8 kN/m) 7.63 Pure sway buckling 
WF4 (Dn=2.4 kN/m) 9.81 Sway buckling triggered by 
distortional buckling of the columns 
 
- Nominal CF portal frame PF1 – Distortional buckling occurs at the column near the eave for 
a gravity load of around 2.53 kN/m and first yield occurs for a gravity load of 7.33 kN/m. 
As per Figures 5-24a and 5-24b, load-displacement response is quite linear until a gravity 
load of 7.47 kN/m when the stiffness of the apex joint decreases to a value equal to the 
slope of the second branch of the moment-rotation curve. The structural collapse occurs by 
the formation of spatial plastic hinges in the columns near the eaves for a gravity load of 
8.37 kN/m. Figure 5-25 shows the FE model at the peak load. 
- Nominal CF portal frame PF2 – Flexural-torsional buckling occurs at the left column for a 
gravity load of 6.3 kN/m. As per Figures 5-26a and 5-26b, load-displacement response is 
quite linear until a gravity load of 13.45 kN/m when sway buckling begins to occur. Shortly 
afterwards, structural collapse is reached for a gravity load of 16.29 kN/m. Figure 5-27 
shows the FE model at the peak load. 
- Nominal CF portal frame PF3 – As per Figures 5-28a and 5-28b, load-displacement 
response is quite linear until a gravity load of 6.42 kN/m when sway buckling begins to 
occur. Structural collapse is reached for a gravity load of 10.03 kN/m when the horizontal 
stiffness of the frame decreases to 5% of the initial stiffness. Figure 29 shows the FE 
model at the failure load. 
- Nominal CF portal frame PF4 – As per Figures 5-30a and 5-30b, load-displacement 
response is approximately linear until a gravity load of 5.61 kN/m when distortional 
buckling arises. The structural collapse occurs by sway failure for a gravity load of 13.69 
kN/m. Figure 31 shows the FE model at the peak load. 
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a) 
 
b) 
Figures 5-24 – Load-displacement response of PF1: a) load – horizontal displacement and b) load-
vertical displacement. 
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Figure 5-25 – PF1: Von Mises stress-distribution at the middle surface at the peak load. 
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a) 
 
b) 
Figure 5-26 – Load-displacement response of PF2: a) load – horizontal displacement and b) load-
vertical displacement. 
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Figure 5-27 – PF2: Von Mises stress-distribution at the middle surface at the peak load. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. System Strength and System Strength Distributions 
 163  
 
a) 
 
b) 
Figure 5-28 – Load-displacement response of PF3: a) load – horizontal displacement and b) load-
vertical displacement. 
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Figure 5-29 – PF3: Von Mises stress-distribution at the middle surface at the peak load. 
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a) 
 
b) 
Figure 5-30 – Load-displacement response of PF4: a) load – horizontal displacement and b) load-
vertical displacement. 
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Figure 5-31 – PF4: Von Mises stress-distribution at the middle surface at the peak load. 
 
- Nominal portal frame WF1 (For Dn = 1.2 kN/m) – Sway of the frame occurs due to the 
patterned wind load. Distortional buckling and first yield occurs at the right column near 
the eave and near the base-plate for a wind load of around 3.04 kN/m. The increase of 
wind load causes a gradual spreading of the yielding. The structural collapse occurs in a 
sway-mode with the formation of plastic hinges near the eave and base-plate for a wind 
load of 4.57 kN/m.  
- Nominal portal frame WF2 (For Dn = 2.4 kN/m) – Sway of the frame and twist of the 
columns occurs due to the patterned wind load. Distortional buckling at the right column 
near the eave for a wind load of around 5.36 kN/m. The increase of wind load causes the 
first yield in both columns and lateral-torsional buckling on the left column for a wind load 
of around 8.74 kN/m. The structural collapse occurs in a sway-mode with the formation of 
plastic hinges near the eave and base-plate for a wind load of 10.91 kN/m.  
- Nominal portal frame WF3 (For Dn = 1.8 kN/m) – The structural collapse occurs in a sway-
mode and is bounded by the drift criterion for a wind load of 7.63 kN/m.  
- Nominal portal frame WF4 (For Dn = 2.4 kN/m) – Sway of the frame occurs due to the 
patterned wind load. First yield occurs at the right column near the base-plate for a wind 
load of around 5.79 kN/m. Distortional buckling occurs near the eave at the right column 
for a wind load of around 8.40 kN/m. The structural collapse occurs in a sway-mode with 
the formation of plastic hinges near the eave and base-plates for a wind load of 9.81 
kN/m.  
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5.2.4 Sensitivity analysis 
 
For the representative CF portal frames under gravity loads – PF1, PF2, PF3 and PF4, sensitivity 
analyses were performed in order to identify the variables most significantly affecting the system 
strength and failure mode of CF portal frames. 
Numerical analyses were carried out where, except for the variable whose effect is being assessed, 
all other variables were considered as per thenominal model. The following effects were 
considered: 
 
Effect of sectional imperfections (i) – In order to assess the influence of sectional imperfections, FE 
models are created where rafters and columns incorporate sectional imperfections as opposed to 
the nominal model where they are ignored. Amplitudes of local and distortional imperfections are 
taken as 0.375 x tn  and 0.81 x tn, respectively. 
 
Effect of member imperfections (ii) – In order to assess the influence of member imperfections, FE 
models are created where rafters and columns are defined as per their perfect geometry, i.e., 
without member geometric imperfections being incorporated. 
 
Effect of frame imperfections (iii) – In order to assess the influence of frame imperfections, FE 
models are created with a null out-of-plumb angle, i.e., columns are perfectly vertical. 
 
Effect of Young’s modulus (iv) – In order to assess the influence of Young’s modulus, an updated 
material model is considered where Young’s modulus is taken as 1.1 times the nominal value - 220 
GPa. The stress-strain relation remains bi-linear with a yield stress equal to the nominal value. 
 
Effect of thickness of the members (v) – In order to assess the influence of the thickness of the 
members, cross-sections of rafters and columns are modified to include a thickness equal to 1.1 
times the nominal value.  
 
Effect of yield stress (vi) – In order to assess the influence of yield stress, an updated material 
model is considered where yield stress is taken as 1.1 times the nominal value - 605 MPa. The 
stress-strain relation remains bi-linear with a Young’s modulus equal to the nominal value. 
 
Effect of steel strain-hardening (vii) – A stress-strain relation with strain-hardening is used to 
assess the influence of a more accurate material model in the system strength. The model is tri-
linear as per Figure 5-15.  
 
Effect of semi-rigid behaviour of joints (viii) – In order to assess the influence of semi-rigid 
behaviour of joints, moment-rotation curve of the beam-to-upright connection is modified to 
represent rigid joints. This is attained by using a rotational stiffness 1000 times larger than the 
nominal one. 
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Table 5-12 displays the results of sensitivity analyses. 
 
 
  
 
Table 5-12 – Sensitivity analyses on CF portal frames under gravity loads. 
Frame Nominal Add sectional imperfections (i) 
Neither member or sectional 
imperfections (ii) 
No out-of-plumb 
(iii) 
Increase of Young’s modulus by 10 % 
(iv) 
 Pnom Pi Pi/Pnom Pii Pii/Pnom Piii Piii/Pnom Piv Piv/Pnom 
 [kN/m] [kN/m] [-] [kN/m] [-] [kN/m] [-] [kN/m] [-] 
PF1 8.37 8.17 0.976 8.39 1.002 8.39 1.002 8.64 1.032 
PF2 16.29 15.99 0.982 16.92 1.039 17.11 1.051 17.82 1.094 
PF3 10.03 9.98 0.995 10.07 1.005 10.02 1.000 10.94 1.090 
PF4 13.69 13.53 0.988 14.17 1.035 14.39 1.051 13.98 1.021 
Where P represents system strength. 
 
Frame Nominal Increase of thickness by 10 % (v) Increase of yield stress by 10 % (vi) Including strain-hardening (vii) Rigid joints (viii) 
 Pnom Pv Pv/Pnom Pvi Pvi/Pnom Pvii Pvii/Pnom Pviii Pviii/Pnom 
 [kN/m] [kN/m] [-] [kN/m] [-] [kN/m] [-] [kN/m] [-] 
PF1 8.37 9.60 1.147 8.68 1.037 8.37 1.000 8.44 1.008 
PF2 16.29 18.00 1.105 16.29 1.000 16.29 1.000 17.05 1.047 
PF3 10.03 10.93 1.090 10.03 1.000 10.03 1.000 10.74 1.071 
PF4 13.69 15.62 1.141 14.23 1.039 13.75 1.004 13.49 0.985 
Where P represents system strength. 
 
Frame Nominal Increase of Young’s modulus by one standard deviation1 - 6% (iv) 
Increase of thickness by one 
standard deviation1 - 5 % (v) 
Increase of yield stress by one 
standard deviation1 - 11 % (vi) 
 Pnom Piv Piv/Pnom Pv Pv/Pnom Pvi Pvi/Pnom 
 [kN/m] [kN/m] [-] [kN/m] [-] [kN/m] [-] 
PF1 8.37 8.53 1.019 8.99 1.074 8.71 1.041 
PF2 16.29 17.21 1.056 17.15 1.053 16.29 1.000 
PF3 10.03 10.57 1.054 11.42 1.045 10.03 1.000 
PF4 13.69 13.86 1.013 14.66 1.071 14.28 1.043 
1 – In accordance with the probabilistic models established in Chapter 4. 
Where P represents system strength. 
 
5. System Strength and System Strength Distributions  
 170  
The results indicate that: 
- A material model taking into account strain-hardening of steel does not alter system 
strength predictions. 
- The inclusion of sectional imperfections slightly reduces the system strength prediction of 
CF portal frames. The failure mode involving sectional buckling is the most affected mode 
with a reduction of 2.5% (PF1). Sway buckling failure modes triggered by either member 
buckling (PF2) or sectional buckling (PF4) present a reduction of nominal strength between 
1.8% (PF2) and 1.2% (PF4). Frame PF3 whose failure mode is pure sway buckling is only 
marginally affected with a system strength reduction of 0.5%. 
- Ignoring member imperfections in the nominal models may increase the system strength 
prediction of CF portal frames. Failure modes involving member buckling are the most 
affected modes with an increase of up to 4% (PF2). Frame PF4 whose failure mode is sway 
buckling triggered by distortional buckling has its strength increased by 3.5%. For frames 
PF1 and PF3 whose modes do not involve directly member buckling, the effect on the 
system strength is almost negligible with a maximum increment of 0.5%. 
- Ignoring frame imperfections affects significantly CF portal frames with sway failure modes 
combined with either member or sectional buckling (PF2 and PF4) where the increase of 
system strength may reach about 5%. Frame PF1 whose failure mode does not involve 
sway buckling is almost unaffected by the absence of out-of-plumb angle. An interesting 
result is that the pure sway failure mode of PF3 did not experience an increase in system 
strength. The reason is related to the criterion employed to define structural collapse – 5% 
of the initial stiffness. It was found that although the initial stiffness is greater in the case 
where no out-of-plumb is included the value of load for which the stiffness equals 5% of 
the initial stiffness is almost the same in both cases. 
- Increasing Young’s modulus by 10% leads to an increase of the system strength of the CF 
portal frames. The greatest difference is observed for frames PF2 and PF3 with a variation 
of system strength of about 9%. For frames PF1 and PF4, the increase of system strength 
is 3.2% and 2.1%, respectively. 
- Increasing thickness by 10% leads to an increase of the system strength of the CF portal 
frames. The greater difference is observed for frames PF1 and PF4 with a variation of 
system strength of about 14%. For frame PF2 and PF3, the increase of system strength is 
of about 9%. 
- Increasing the yield stress by 10 % leads to an increase of the system strength of frames 
PF1 and PF4 by around 4%. For frames PF2 and PF3, system strength remains unaffected. 
- Rigid joints – Although nominal models display joints with an almost rigid behaviour, the 
perfectly rigid assumption leads to an increase of system strength of frames PF2 and PF3 
and PF4 between 4.7% and 7.1%. Frames PF1 and PF4 show an almost negligible effect on 
the system strength of 1%. 
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5.2.5 Random models 
 
Similar to storage rack frames, randomness of system strength of CF portal frames subject to 
gravity loads only or subject to gravity loads plus wind load is numerically determined by Monte-
Carlo simulation with Latin-hypercube sampling. 
The following paragraphs detail the procedure used to implement Monte-Carlo method with Latin-
hypercube sampling. 
(i) A Matlab script was developed that generates 200 samples of random variables (50 for some 
cases of combined gravity and wind loads) according to Latin-hypercube sampling (LHS). The 
variables are afterwards used to create Abaqus input files (*.inp) that define each FE model. Once 
again, the value 200 (or 50) results from a compromise between computational time (relatively 
large for shell-element based analyses) and accuracy of the results. 
The considered random variables and respective statistical properties are shown in Table 5-13 
whereas examples of the code of the developed Matlab script may be found in Section C.4 of 
Appendix C.. 
(ii) Numerical failure analyses were then run using the created Abaqus input files. 
(iii) Finally, a Python script was developed that automatically extracts the system strength 
predictions of the 200 (or 50) simulations according to the considered criteria. Examples of the 
code of the developed Python script may be found in Section C-5 of Appendix C. It is important to 
highlight that for portal frames under gravity load only, system strength is given in terms of a 
vertical uniformly distributed load on the rafters whereas for portal frames under gravity loads plus 
wind, system strength is given in terms of a multiple of the reference patterned wind load of 1 
kN/m. 
In terms of correlation between random variables, the following assumptions were made: 
- Yield stress, Young’s modulus and thickness are partly correlated i.e., all rafters have the 
same values of yield stress, Young’s modulus and thickness and, likewise, all columns have 
the same of values of yield stress, Young’s modulus and thickness. The assumption is 
justified by the likelihood of all rafters being part of the same manufacturing batch as well 
as all columns being part of the same manufacturing batch.  
- Out-of-plumb angle is fully correlated between columns. 
- Member and sectional imperfections of rafters and columns are uncorrelated and take into 
account the independent sources of post-manufacturing imperfections. 
- Joint stiffness parameters of each type are perfectly correlated since the methodology 
validated in Chapter 3 assumes that joints have the same moment-rotation curve 
(corresponding to the average curve). 
 
 
   
Table 5-13 – Random variables of series PF1 to PF4. 
Series ID  PF1  PF2  PF3  PF4 
  
 
 
 
 
 
 
N
om
in
al
 
M
at
er
ia
l 
Pr
op
er
tie
s 
Ec [Gpa]  Normal (µ = 200, σ = 12)  Normal (µ = 200, σ = 12)  Normal (µ = 200, σ = 12)  Normal (µ = 200, σ = 12) 
fyc [Mpa]  
Lognormal (µ = 605, σ = 
60.5) 
 Lognormal (µ = 605, σ = 60.5)  Lognormal (µ = 605, σ = 60.5) 
 Lognormal (µ = 605, σ = 
60.5) 
Eb [Gpa]  Normal (µ = 200, σ = 12)  Normal (µ = 200, σ = 12)  Normal (µ = 200, σ = 12)  Normal (µ = 200, σ = 12) 
fyb [Mpa]  
Lognormal (µ = 605, σ = 
60.5) 
 Lognormal (µ = 605, σ = 60.5)  Lognormal (µ = 605, σ = 60.5) 
 Lognormal (µ = 605, σ = 
60.5) 
           
Fa
b.
 
To
le
r. tc [mm]  Normal (µ = 1.5, σ = 0.075)  Normal (µ = 2.4, σ = 0.12)  Normal (µ = 2.4, σ = 0.12)  Normal (µ = 1.2, σ = 0.06) 
tb [mm]  Normal (µ = 2.4, σ = 0.12)  Normal (µ = 3.0, σ = 0.15)  Normal (µ = 3.0, σ = 0.15)  Normal (µ = 3.0, σ = 0.15) 
Other dimensions  -  -  -  - 
           
Jo
in
t 
st
iff
ne
ss
 
Ea
ve
 
M1 [kNm] (wind analysis)  
Lognormal (µ = 32(64), σ = 
0.10 x 32(64)) 
 Lognormal (µ = 32(64), σ = 
0.10 x 32(64)) 
 Lognormal (µ = 38(76), σ = 
0.10 x 38(76)) 
 Lognormal (µ = 38(76), σ = 
0.10 x 38(76)) 
M2 [kNm] (wind analysis)  
Lognormal (µ = 38(76), σ = 
0.15 x 38(76)) 
 Lognormal (µ = 38(76), σ = 
0.15 x 38(76)) 
 Lognormal (µ = 46(92), σ = 
0.15 x 46(92)) 
 Lognormal (µ = 46(92), σ = 
0.15 x 46(92)) 
K1 [kNm/rad]   
Lognormal (µ = 6400, σ = 
(0.2 or 0.3) x 6400) 
 Lognormal (µ = 6400, σ = (0.2 
or 0.3) x 6400) 
 Lognormal (µ = 7600, σ = 
(0.2 or 0.3) x 7600) 
 Lognormal (µ = 4800, σ = 
(0.2 or 0.3) x 4800) 
K2 [kNm/rad]  
Lognormal (µ = 400, σ = 
0.15 x 400) 
 Lognormal (µ = 400, σ = 0.15 
x 400) 
 Lognormal (µ = 400, σ = 
0.15 x 400) 
 Lognormal (µ = 300, σ = 
0.15 x 300) 
         
A
pe
x 
M1 [kNm] (wind analysis)  
Lognormal (µ = 28(56), σ = 
0.10 x 28(56)) 
 Lognormal (µ = 28(56), σ = 
0.10 x 28(56)) 
 Lognormal (µ = 34(68), σ = 
0.10 x 34(68)) 
 Lognormal (µ = 34(68), σ = 
0.10 x 34(68)) 
M2 [kNm] (wind analysis)  
Lognormal (µ = 40(80), σ = 
0.15 x 40(80)) 
 Lognormal (µ = 40(80), σ = 
0.15 x 40(80)) 
 Lognormal (µ = 48(96), σ = 
0.15 x 48(96)) 
 Lognormal (µ = 48(96), σ = 
0.15 x 48(96)) 
K1 [kNm/rad]  
Lognormal (µ = 14000, σ = 
(0.2 or 0.3) x 14000) 
 Lognormal (µ = 14000, σ = 
(0.2 or 0.3) x 14000) 
 Lognormal (µ = 17000, σ = 
(0.2 or 0.3) x 17000) 
 Lognormal (µ = 4800, σ = 
(0.2 or 0.3) x 4800) 
K2 [kNm/rad]  
Lognormal (µ = 1500, σ = 
0.15 x 1500) 
 Lognormal (µ = 1500, σ = 
0.15 x 1500) 
 Lognormal (µ = 1750, σ = 
0.15 x 1750) 
 Lognormal (µ = 300, σ = 
0.15 x 300) 
         
C
ol
um
n-
ba
se
 
M1 [kNm] (wind analysis)  
Lognormal (µ = 30(60), σ = 
0.10 x 30(60)) 
 Pinned (Lognormal (µ = 60, σ 
= 0.10 x 60)) 
 Pinned (Lognormal (µ = 60, σ 
= 0.10 x 60)) 
 Pinned (Lognormal (µ = 60, 
σ = 0.10 x 60)) 
M2 [kNm] (wind analysis)  
Lognormal (µ = 50(100), σ = 
0.15 x 50(100)) 
 Pinned (Lognormal (µ = 100, σ 
= 0.15 x 100)) 
 Pinned (Lognormal (µ = 100, 
σ = 0.15 x 100)) 
 Pinned (Lognormal (µ = 100, 
σ = 0.15 x 100)) 
K1 [kNm/rad] (wind 
analys)  
Lognormal (µ = 6000, σ = 
(0.2 or 0.3) x 6000) 
 Pinned (Lognormal (µ = 6000, 
σ = 0.3 x 6000)) 
 Pinned (Lognormal (µ = 
6000, σ = 0.3 x 6000)) 
 Pinned (Lognormal (µ = 
6000, σ = 0.3 x 6000)) 
 K2 [kNm/rad] (wind 
analys)  
Lognormal (µ = 450, σ = 
0.15 x 450) 
 Pinned (Lognormal (µ = 450, σ 
= 0.15 x 450)) 
 Pinned (Lognormal (µ = 450, 
σ = 0.15 x 450)) 
 Pinned (Lognormal (µ = 450, 
σ = 0.15 x 450)) 
           
G
eo
m
et
ri
c 
Im
pe
rf
ec
tio
ns
 
r a m  Out-of-plumb: global [rad]  Normal (µ = 0, σ = 1/980)  Normal (µ = 0, σ = 1/980)  Normal (µ = 0, σ = 1/980)  Normal (µ = 0, σ = 1/980) 
          
C
ol
um
n3
 
Bow factor [-] & half-
wavelength [mm] 
 For wind analysis 
 
SignNormal (µ = 1/2250, σ = 
1/3500) & 1550 
 760 
 
SignNormal (µ = 1/2250, σ = 
1/3500) & 1550 
 762.5 
 
SignNormal (µ = 1/2250, σ = 
1/3500) & 1550 
 760 
 
SignNormal (µ = 1/2250, σ 
= 1/3500) & 1550 
 780 
Camber factor [-] & half-
wavelength [mm]  
SignNormal (µ = 1/2500, σ = 
1/3300) & 4600  
SignNormal (µ = 1/2500, σ = 
1/3300) & 6100  
SignNormal (µ = 1/2500, σ = 
1/3300) & 7600  
SignNormal (µ = 1/2500, σ 
= 1/3300) & 4600 
Twist rate  [o/m] & half-
wavelength [mm]  
SignNormal (µ = 0.25, σ = 
0.20) & 1550 
 760 
 
SignNormal (µ = 0.25, σ = 
0.20) & 1550 
 762.5 
 
SignNormal (µ = 0.25, σ = 
0.20) & 1550 
 760 
 
SignNormal (µ = 0.25, σ = 
0.20) & 1550 
 780 
   
 For wind analysis 
Distortional factor [-] (x t) 
& half-wavelength [mm] 
 For wind analysis 
 
SignNormal (µ = 0.81, σ = 
0.62) & 775 
 760 
 
SignNormal (µ = 0.81, σ = 
0.62) & 775 
 762.5 
 
SignNormal (µ = 0.81, σ = 
0.62) & 500 
 760 
 
SignNormal (µ = 0.81, σ = 
0.62) & 775 
 780 
 Local factor [-] (x t) & half-wavelength [mm]  
SignNormal (µ = 0.375, σ = 
0.34) & 235  
SignNormal (µ = 0.375, σ = 
0.34) & 230  
SignNormal (µ = 0.375, σ = 
0.34) & 230  
SignNormal (µ = 0.375, σ = 
0.34) & 230 
          
Ra
ft
er
4  
Bow factor [-] & half-
wavelength [mm]  
SignNormal (µ = 1/2250, σ = 
1/3500) & 1000  
SignNormal (µ = 1/2250, σ = 
1/3500) & 600  
SignNormal (µ = 1/2250, σ = 
1/3500) & 700  
SignNormal (µ = 1/2250, σ 
= 1/3500) & 700 
Camber factor [-] & half-
wavelength [mm]  
SignNormal (µ = 1/2500, σ = 
1/3300) & 3600  
SignNormal (µ = 1/2500, σ = 
1/3300) & 3600  
SignNormal (µ = 1/2500, σ = 
1/3300) & 6800  
SignNormal (µ = 1/2500, σ 
= 1/3300) & 6800 
Twist rate  [o/m] & half-
wavelength [mm]  
SignNormal (µ = 0.25, σ = 
0.20) & 1000  
SignNormal (µ = 0.25, σ = 
0.20) & 600  
SignNormal (µ = 0.25, σ = 
0.20) & 700  
SignNormal (µ = 0.25, σ = 
0.20) & 700 
Distortional factor [-] (x t) 
& half-wavelength [mm]  
SignNormal (µ = 0.81, σ = 
0.62) & 1000  
SignNormal (µ = 0.81, σ = 
0.62) & 600  
SignNormal (µ = 0.81, σ = 
0.62) & 700  
SignNormal (µ = 0.81, σ = 
0.62) & 700 
Local factor [-] (x t) & 
half-wavelength [mm]  
SignNormal (µ = 0.375, σ = 
0.34) & 235  
SignNormal (µ = 0.375, σ = 
0.34) & 300  
SignNormal (µ = 0.375, σ = 
0.34) & 300  
SignNormal (µ = 0.375, σ = 
0.34) & 300 
           
For wind analysis:Gravity load 
[kN/m]  
Normal (µ =1.05 Dn, σ = 
0.105 Dn)  
Normal (µ =1.05 Dn, σ = 0.105 
Dn)  
Normal (µ =1.05 Dn, σ = 
0.105 Dn)  
Normal (µ =1.05 Dn, σ = 
0.105 Dn) 
 
1 – The format of the entry corresponds to Probability distribution (µ = mean, σ=standard deviation). 
2 – SignNormal probability distribution corresponds to the product of a random variable ‘sign’ (-1 or +1) and relevant normal distributed random 
variable. 
3 – Member and sectional imperfections are uncorrelated. 
4 – Member and sectional imperfections are correlated within each frame. 
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5.2.6 Strength distribution and bias 
 
The individual results of system strength for all simulations may be found in Appendix D. In this 
section, Table 5-14 summarises the statistical results obtained for each frame of series PF1 to PF4. 
Random frames of series PF1, PF2, PF3 and PF4 tend to fail in the same mode as the nominal 
model – see Table 5-11 – and these failure modes are shown in Figures 5-25, 5-27, 5-29 and 5-
31, respectively. 
Figures 5-32 to 5-35 represent the histograms of system strength for each case. 
 
Table 5-14 – System strength statistics. 
 Frame 
Nominal system 
strength - Rn 
Statistics of system 
strength Bias – µR 
µR/Rn Mean - µR CoV 
[kN/m] [kN/m] [-] [-] 
U
nd
er
 g
ra
vi
ty
 
lo
ad
s 
on
ly
 
PF1 8.37 8.30 0.098 0.992 
PF1a  8.27 0.096 0.988 
PF2 16.29 16.82 0.069 1.033 
PF2a  16.87 0.077 1.036 
PF3 10.03 10.00 0.073 0.997 
PF3a  10.13 0.074 1.010 
PF4 13.69 14.73 0.076 1.075 
PF4a  14.69 0.083 1.073 
U
nd
er
 g
ra
vi
ty
 lo
ad
s 
pl
us
 
w
in
d 
lo
ad
 
WF1 (Dn = 1.2 kN/m) See Appendix 4.58 0.127 See 
Appendix WF1* (Dn = 0.8 kN/m)  4.69 0.147 WF1* (Dn = 0.45 kN/m)  4.92 0.145 
WF2* (Dn = 3.6 kN/m) See Appendix 13.33 0.071 See 
Appendix WF2 (Dn = 1.8 kN/m)  10.60 0.105 WF2* (Dn = 1.0 kN/m)  9.55 0.107 
WF3 (Dn = 1.8 kN/m) See Appendix 7.41 0.056 See 
Appendix WF3* (Dn = 1.2 kN/m)  7.50 0.048 WF3* (Dn = 0.8 kN/m)  7.57 0.054 
WF4* (Dn = 2.4 kN/m) See Appendix 11.388 0.161 See 
Appendix WF4 (Dn = 1.8 kN/m)  11.697 0.180 WF4* (Dn = 1.0 kN/m)  11.838 0.172 
* 50 simulations only. 
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Figure 5-32 – Histograms of system strength for series PF1 under gravity loads. 
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Figure 5-33 – Histograms of system strength for series PF2 under gravity loads. 
 
 
 
Figure 5-34 – Histograms of system strength for series PF3 under gravity loads. 
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Figure 5-35 – Histograms of system strength for series PF4 under gravity. 
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Figure 5-36 – Histograms of system strength for frames WF1 under combined gravity and wind 
loads: a) Dn = 1.2 kN/m, b) Dn = 0.8 kN/m and c) Dn = 0.45 kN/m. 
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Figure 5-37 – Histograms of system strength for frames WF2 under combined gravity and wind 
loads: a) Dn = 3.6 kN/m, b) Dn = 1.8 kN/m and c) Dn = 1.0 kN/m. 
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Figure 5-38 – Histograms of system strength for frames WF3 under combined gravity and wind 
loads: a) Dn = 1.8 kN/m, b) Dn = 1.2 kN/m and c) Dn = 0.8 kN/m. 
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Figure 5-39 – Histograms of system strength for frames WF4 under combined gravity and wind 
loads: a) Dn = 2.4 kN/m, b) Dn = 1.8 kN/m and c) Dn = 1.0 kN/m. 
5. System Strength and System Strength Distributions 
 182  
 
From the results, it may be observed that: 
- Both scenarios of coefficient of variation for stiffness parameter K1, seem to deliver similar 
statistics for the strength of CF portal frames under gravity laods. However, the considered 
nominal joint behaviour is quite stiff for both joints and there is no guarantee that the 
observed result remains valid for more flexible joints. 
- Bias or mean-to-nominal strength ratio (Rm/Rn) is approximately 1.0 for frames PF1 and 
PF3. Such result derives from the adopted nominal model as follows: (i) nominal 
parameters where conservative assumptions are specified – out-of-plumb angle, member 
imperfections, yield stress – have only a marginal effect on the system strength as shown 
in section 5.2.4 and thus, do not have a significant effect on the value of µR/Rn; (ii) 
nominal parameters where optimistic assumptions are specified – sectional imperfections – 
have a relevant effect on the system strength of frame PF1 as shown in section 5.2.4 and 
thus, contribute for a small reduction of the value of µR/Rn. 
- Bias is greater than 1.0 for frames PF2 (1.03) and PF4 (1.075). Such result derives from 
the adopted nominal model as follows: (i) nominal parameters where conservative 
assumptions are specified – out-of-plumb angle, member imperfections and/or yield stress 
– have a significant effect on the system strength as shown in section 5.2.4 and thus, 
contribute for an increase in the value of µR/Rn; and (ii) nominal parameters where 
optimistic assumptions are specified – sectional imperfections – have a moderate effect on 
the system strength of both frames as shown in section 5.2.4 and, although they 
contribute to a reduction of the value of µR/Rn, it does not outweigh the effect of 
conservative assumptions.  
- It is expected that a nominal model where sectional imperfections are incorporated may 
lead to a more uniform result for µR /Rn of all frames. 
- Coefficient of variation of system strength ranges from 0.07 to 0.10. Overall it seems that 
systems composed of thinner sections present a greater coefficient of variation than 
system composed of stockier sections. 
- The coefficient of variation of system strength for frame PF1 is 0.098 which is considerably 
greater than those obtained for the remaining representative frames. The reason relates 
partly to the greater effect of thickness variability and sectional imperfections as shown in 
section 5.1.4 and also partly to the change of failure mode (to joint failure) observed for a 
few Monte-Carlo simulations  
- The coefficient of variation of system strength for PF4 is slightly greater than for PF2 and 
PF3 mostly due to the greater effect of thickness variability and sectional imperfections. 
- Bias (µR /Rn) is about 1.0 for CF portal frames WF1, WF2 and WF3 and greater than 1.1 for 
CF portal frames WF4. 
- Bias of PF2 frames and WF2 frames differ since the latter are affected by the favourable 
effect of gravity loads (which are magnified in the nominal models) on the system 
strength. 
- The coefficient of variation of system strength ranges from 0.05 to 0.18. Frames whose 
failure criterion is excessive drift as WF3 and WF2 (Dn=3.6kN/m) present the lower values 
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of coefficient of variation of system strength: 0.05 to 0.07. The coefficient of variation of 
the remaining frames varies in ascending order: CoV(WF2)≈0.11 < CoV(WF1)≈0.13 < 
CoV(WF1)≈0.18. 
 
A summary of the key findings of Chapter 5 may be found in Section 8.2. 
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6. RELIABILITY ANALYSIS AND SYSTEM RELIABILITY-BASED 
CRITERIA 
 
This chapter concerns the structural reliability studies that enable the development of system 
reliability-based criteria for designing cold-formed steel structures by advanced analysis. 
The fundamental aim of structural reliability analysis is to evaluate the probability of failure of a 
structural component or system. Such evaluation requires that uncertainties affecting a structure 
are taken into account which include the variability of geometric and physical/material properties 
affecting the structural strength and the unpredictability of loads acting on the structure. The 
results may then be used to validate or calibrate a design methodology by ensuring that an 
adequate level of structural safety corresponding to a low probability of failure is achieved. 
Traditionally, the issue of uncertainty and acceptable failure risk has been dealt with by reducing 
the nominal strengths of members, connections or systems by resistance factors, calibrated to the 
desired structural reliability [281] and a similar approach is employed here. 
The main objective of this chapter is to assess the structural reliability of a wide range of cold-
formed steel structures and derive appropriate system resistance factors by a probabilistic 
approach. 
The chapter outlines the framework of system reliability-based criteria for the design of cold-
formed steel structures by advanced analysis including the definition of the design format, the 
development of the probabilistic studies that lead to system resistance factors for different levels 
of reliability and the establishment of guidelines for formulating design provisions within this 
system-based approach. 
Nominal strength models are defined in accordance with the methodology developed in Chapter 3 
and with Australian Standards AS4600 [189] and AS4084 [192] for cold-formed steel portal 
frames and storage rack frames, respectively. The nominal load combinations are as per Australian 
Standard AS1170.0 [276] and consistently, load probabilistic models correspond to the statistics of 
loads in Australia. 
Within cold-formed steel structures, the study covers storage rack frames under gravity loads and, 
cold-formed portal frames under both gravity loads only and combined gravity and wind loads. 
 
6.1 DESIGN-BY-ANALYSIS APPROACH 
 
Design-by-analysis represents a new approach in which structural analysis and design are 
performed in a single step. 
The approach uses a rational design format by checking structural strength explicitly at the system 
level. The proposed structural strength check has a load and resistance factor design (LRFD) type 
format: 
 
ϕs ∙ Rn ≥ ∑γi ∙ Qni         [6-1] 
 
In which Rn is the nominal system strength predicted by advanced analysis and Qni are nominal 
loads applied to the complete structure. System strength is the load-carrying capacity 
corresponding to structural collapse. The factors φs and γi are the system resistance factor and load 
6. Reliability Analysis and System Reliability-Based Criteria 
 186  
factors, respectively, which account for the uncertainties in structural strength and load, and the 
potential adverse effects on structural safety arising from their inherent uncertainties. 
Although equation 6-1 has the same format as LRFD for members, it presents a different and 
innovative design philosophy since analysis and design process is based on system performance. 
Member and section failures are directly embedded into advanced analysis and thus, there is no 
need to check separately member/section capacities to a design specification. 
The design-by-analysis approach leads to a substantial simplification of the design process since it 
avoids the calculation of effective length factors and conventional beam-column interaction 
equations and, moreover, encourages the designer to focus on the overall behaviour of the 
structure and its mode of failure. 
It is of relevance to emphasize that, among all structural analysis methods, advanced analysis is 
the best suited to accurately capture the behaviour and ultimate load-carrying capacity of a 
structure since it takes explicitly into account system effects such as load redistribution 
subsequent to first yielding as per Figure 2-5. In advanced analysis, the failure mode of the 
system becomes apparent and it is possible to consider the consequences of failure in the design 
process, in line with the new paradigm of performance-based design. 
The shell-element based finite element (FE) models developed in Chapter 3 and then extensively 
used in Chapter 5 to obtain system strength predictions of cold-formed steel structures contribute 
to demonstrate that computational power has caught up with theory and it is no longer a barrier to 
the practical application of advanced analysis. 
The last hurdle to the implementation of design-by-analysis in engineering practice is the lack of 
information on how to ensure adequate levels of structural reliability, i.e., the system resistance 
factors φs that should be employed in such approach. 
In order to overcome this shortcoming, a comprehensive system reliability assessment is needed 
to accurately determine system resistance factors to be applied to the system strength of cold-
formed steel structures that account for the risk of failure arising from uncertainty. 
This doctoral thesis addresses this need and the following sections (i) describe and present the 
results of the performed probabilistic studies that relate system reliability and system resistance 
factors and (ii) provide guidelines and draw conclusions that enable the establishment of system-
reliability-based criteria for designing cold-formed steel structures by advanced analysis.  
Serviceability limit states like excessive deformation or vibration are beyond the scope of this 
doctoral thesis and, although serviceability checks based on equation 6-1 for unfactored loads may 
be envisaged, the evaluation and establishment of such provisions are not covered by this thesis. 
 
6.2 STRUCTURAL RELIABILITY 
 
If the variable R represents system strength and Q represents the applied imposed load, a limit 
state function g given by equation 6-2 may be used to establish the safe and unsafe region. 
 g = R − Q          [6-2] 
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If g is greater than zero (such that R>Q), the structural system is in the safe region whereas if g is 
less than zero (for a set of values such that R<Q), the structural system is in the unsafe region 
and thus, prone to fail. Naturally, a value of g equal to zero corresponds to the boundary between 
the safe and unsafe regions. 
Assuming that R and Q are statistically independent, the probability of failure (Pf) is equal to the 
probability of limit state function becoming less than zero and is given by equation 6-3. 
 Pf = P(g = R − Q < 0) = ∫ FR(qi) ∙ fQ(qi) dqi       [6-3] 
 
Where FR represents the cumulative distribution function of the variable R and fQ represents the 
probability density function of variable Q and qi is a specific value of Q. 
Although the mathematical definition of probability of failure is rather straightforward, it is difficult 
to obtain a closed-form solution for equation 6-3 and numerical methods have to be used, such as 
the direct Monte-Carlo (MC) or approximation methods such as first-order reliability method 
(FORM) and first-order second-moment reliability method (FOSM). Details of each of the methods 
may be found in Chapter 2. 
Before proceeding to the reliability studies of cold-formed steel structures, the concept of reliability 
index is presented.  
In the domain of structural engineering, probabilities of failure are quite low which led to the 
adoption of the reliability index β as a quantitative measure of structural safety. The reliability 
index is related to the probability of failure by Pf=Φ(-β) where Φ is the standard normal distribution 
function. 
For the limit state function g, assuming that variables R and Q are uncorrelated and defined by 
normal distributions, equation 6-4 predicts exactly the value of reliability index. If either 
assumption is not satisfied equation 6-4 provides only an approximation of the reliability index 
 
β = µR−µQ
�σR
2+σQ
2
          [6-4] 
 
Where µR and µQ represent the mean value of system strength and applied load, respectively, and 
σR and σQ represent the standard deviation of system strength and applied load, respectively. 
 
6.2.1 Target system reliability index 
 
Structural standards provide a set of technical requirements for the design of structures that lead 
to an acceptably low probability of structural collapse, i.e., to a satisfactory structural reliability. In 
this context, the definition of satisfactory is vague but overall it may be regarded as stating that 
the risk of structural collapse is perceived as acceptable by the society. 
Probabilistic limit state design uses the concept of ‘target’ reliability index as a quantitative 
measure of structural safety. Selecting acceptable reliability targets for structural engineering is a 
difficult task since these values are not readily available and need to be generated or selected by 
either engineering judgement, or by assessing the reliability of existing structures acknowledged 
to present good performance. 
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Initially, it was considered to propose a target reliability index associated with an acceptable risk of 
structural collapse and develop system resistance factors for that value of system reliability index 
only. However, due to the fact that there is a lack of consensus within the structural reliability 
community on the definition of the appropriate target reliability index and, in order to provide the 
flexibility of specifying such value to the national entities in charge of steel structural standards, it 
was decided to report the results of the reliability analysis to different values of system reliability 
index β. 
Elaborating on the range of values of system reliability index:  
- For the majority of structural systems, system reliability is greater than member reliability. 
This effect is due to the favourable effect of structural redundancy that allows for force and 
moment redistribution which compensates for the unfavourable effect of the number of 
elements: as such number increases , so does the chance of one element failing [282]. 
- A member failure does not necessarily imply the collapse of a structural system and, 
similarly, the consequences of a member failing are generally not as catastrophic as the 
consequences of a system failing. 
- Finally, the level of importance of a structure plays a role in the perception of admissible 
risk of structural collapse, e.g., the structural design of a major hospital should not be 
based on the same probability of failure as an agricultural shed. 
These considerations would point to a minimum system reliability index of 2.5 for gravity loads 
only (and slightly less for gravity and wind loads), which is the member reliability index stated in 
AS4600 and AISI-S100. 
Galambos [282] proposes a range of target system reliability indices as a function of the failure 
mode and the likelihood of the loss of human life ranging from 2.0 (failure modes that lead to only 
slight damage of the structural system) to 4.0 (failure modes that lead to the total destruction of 
the structural system and its occupants). 
In this doctoral thesis, structural reliability is assessed for system reliability indices ranging from 
2.5 to 3.5 for gravity loads only, and 2.0 to 3.5 for combined gravity and wind loads. 
 
6.3 STORAGE RACK FRAMES UNDER GRAVITY LOADS 
 
6.3.1 Methodology 
 
This section describes the methodology used to relate system resistance factors φs to system 
reliability indices β for storage rack frames under gravity loads. 
 
(i) Define the limit state function - The limit state function for storage rack frames under gravity 
loads is expressed by equation 6-5. 
 g = R − D − L          [6-5] 
 
In which R is the nominal system strength (in terms of patterned unit/pallet load), D is the self-
weight of the rack structure and L is the unit/pallet load. 
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Since self-weight of the rack structure has a negligible contribution to the total load acting on the 
structure (between 1 and 2% for the representative frames studied), the component D may be 
ignored and the limit function g is reformulated as per equation 6-6. 
 D L� ≈ 0 → g = R − L         [6-6] 
 
(ii) Define the probabilistic model for the variable system strength (R) – In Chapter 5, statistics for 
system strength of representative rack frames were derived, including the mean and standard 
deviation as presented in Table 5-5. 
Furthermore, the histograms presented in Figures 5-16 to 5-20 and the respective Kolmogorov-
Smirnov tests (goodness-of-fit test) indicate that normal distributions adequately fit the obtained 
system strength distributions. Hence, the normal distribution is adopted for the probabilistic model 
of the system strength. 
 R~Normal(µR,σR)         [6-7] 
 
(iii) Define the probabilistic model for the variable unit/pallet load (L) – In Chapter 4, it is 
established that unit/pallet loads follows a normal distribution with a mean-to-nominal ratio (µL/Ln) 
of 1.0 and a coefficient of variation of 0.15 and 0.20 depending on whether unit/pallet load is 
weighed or not before being placed on the rack frame, respectively. 
 L~Normal(µL = Ln,σL = 0.20 (or 0.15) ∙ Ln)       [6-8] 
 
(iv) Use the Load Scale Method (LSM) to obtain Ln for different values of φs – Load scale method 
(LSM) consists of a method in which for the same structure, the applied load is scaled in order to 
obtain a corresponding system resistance factor φs as follows. 
According to the Australian Standard AS4084 [192], relevant load combinations involving gravity 
loads only are given by equation 6-9: 
 
∑γi ∙ Qni = �1.3 ∙ Ln, 𝑖𝑓 𝑢𝑛𝑖𝑡/𝑝𝑎𝑙𝑙𝑒𝑡 𝑙𝑜𝑎𝑑 𝑖𝑠 𝑤𝑒𝑖𝑔ℎ𝑒𝑑 𝑏𝑒𝑓𝑜𝑟𝑒 𝑏𝑒𝑖𝑛𝑔 𝑝𝑙𝑎𝑐𝑒𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑟𝑎𝑐𝑘 𝑓𝑟𝑎𝑚𝑒1.4 ∙ Ln, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒   [6-9] 
 
Substituting equation 6-9 into the system strength check of the design-by-analysis approach 
(given by equation 6-1), results in: 
 
ϕs ∙ Rn ≥ �1.3 ∙ Ln, 𝑖𝑓 𝑢𝑛𝑖𝑡/𝑝𝑎𝑙𝑙𝑒𝑡 𝑙𝑜𝑎𝑑 𝑖𝑠 𝑤𝑒𝑖𝑔ℎ𝑒𝑑 𝑏𝑒𝑓𝑜𝑟𝑒 𝑏𝑒𝑖𝑛𝑔 𝑝𝑙𝑎𝑐𝑒𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑟𝑎𝑐𝑘 𝑓𝑟𝑎𝑚𝑒1.4 ∙ Ln, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒    [6-10] 
 
Which in the limit design case leads to: 
 
ϕs ∙ Rn = 1.4 (or 1.3) ∙ Ln ⟺ Ln = ϕs∙Rn1.4 (or 1.3)       [6-11] 
 
It should be noticed that Ln as given by equation 6-11 corresponds to the maximum value of 
unit/pallet load allowed by the design-by-analysis strength check for a rack frame with a certain 
value of nominal system strength (Rn) and a system resistance factor φs. The values of nominal 
system strength (Rn) for the representative frames are presented in Table 5-2. 
Consequently, the variable unit/pallet load L becomes, for each value of φs, statistically 
characterised by: 
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L~Normal �µL = ϕs∙Rn1.4 (or 1.3) ,σR = 0.20 (or 0.15) ∙ ϕs∙Rn1.4 (or 1.3)�     [6-12] 
 
(v) Establish the relation between system resistance factor φs and system reliability index β - 
Noticing now that limit state function g as given by equation 6-6 is composed solely by 
uncorrelated variables defined by normal distributions, it follows that the system reliability index β 
may be exactly predicted by equation 6-13 and, furthermore, if the statistics developed in (ii) and 
(iv) are incorporated, a direct relation between system resistance factor φs and system reliability 
index β is established: 
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(vi) Obtain β – φs curves – For each representative frame and for different values of system 
reliability index β, , obtain numerically the corresponding system resistance factor φs. In this study, 
the Goal Seek feature of Microsoft© Excel was employed for this task. 
 
It is worthwhile to emphasize that provided that (a) the fabrication procedures and tolerances are 
consistent with the probabilistic models for random variables adopted in this doctoral thesis and 
(b) the defined nominal model is used, the system strength statistics remain valid and thus, step 
(iv) may be easily repeated for different load combinations and load statistics, and new β-φs curves 
may be derived.  
 
6.3.2 Results: β-φs curves 
 
For the representative storage rack frames considered in Chapter 5, Figures 6-1 to 6-10 show 
system reliability index β versus system resistance factor φs curves with the associated tables of 
values being presented in Appendix E. The following failure modes are considered: formation of 
plastic hinges in the beams (SR1), sway triggered by distortional and flexural-torsional buckling of 
the uprights (SR2), sway triggered by flexural-torsional buckling of the uprights (SR3), distortional 
and flexural-torsional buckling of the uprights (SR4) and flexural-torsional buckling of the uprights 
(SR5). The nominal strength model is detailed in Section 5.1.3 with the main parameters being 
presented in Table 5-1. 
Figures 6-11 and 6-12 compare the system reliability index β versus system resistance factor φs 
curves for the fully loaded storage racks for unweighted and weighted unit/pallet loads cases. 
Tables 6-1 and 6-2 present system resistance factors φs for different system reliability indices β for 
unweighted and weighted unit/pallet load cases, respectively. 
The effect of the maximum permissible damage as per Australia Standard AS4084 on the system 
reliability index β is shown in Tables 6-3 and 6-4 for the cases of unweighted and weighted 
unit/pallet load. 
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Figure 6-1 – Series SR1 – β-φs curve for unweighted unit/pallet loading. 
 
 
Figure 6-2 – Series SR1 – β-φs curve for weighted unit/pallet loading. 
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Figure 6-3 – Series SR2 – β-φs curve for unweighted unit/pallet loading. 
 
 
Figure 6-4 – Series SR2 – β-φs curve for weighted unit/pallet loading. 
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Figure 6-5 – Series SR3 – β-φs curve for unweighted unit/pallet loading. 
 
 
Figure 6-6 – Series SR3 – β-φs curve for weighted unit/pallet loading. 
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Figure 6-7 – Series SR4 – β-φs curve for unweighted unit/pallet loading. 
 
 
Figure 6-8 – Series SR4 – β-φs curve for weighted unit/pallet loading. 
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Figure 6-9 – Series SR5 – β-φs curve for unweighted unit/pallet loading. 
 
 
Figure 6-10 – Series SR5 – β-φs curve for weighted unit/pallet loading. 
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Figure 6-11 – Fully-loaded rack frames – β-φs curve for unweighted unit/pallet loading. 
 
 
Figure 6-12 – Fully-loaded rack frames – β-φs curve for weighted unit/pallet loading. 
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Table 6-1 – Unweighted unit/pallet load: φs(β). 
SR 
Frame 
Failure 
Mode1 
Bias – 
Rm/Rn 
CoV System resistance factor - φs [-] 
[-] [-] [-] β=2.0 β=2.5 β=2.75 β=3.0 β=3.5 β=4.0 
SR1 
PHB 
1.063 0.078 1.019 0.937 0.900 0.864 0.798 0.738 
SR1a 1.061 0.079 1.016 0.934 0.896 0.860 0.794 0.734 
SR1b 1.059 0.095 0.995 0.908 0.868 0.830 0.759 0.693 
SR2 
S-DFT 
1.072 0.073 1.033 0.951 0.914 0.878 0.813 0.754 
SR2a 1.069 0.068 1.036 0.956 0.919 0.885 0.821 0.764 
SR2b 1.061 0.066 1.028 0.950 0.914 0.880 0.817 0.760 
SR3 
S-FT 
1.064 0.070 1.028 0.948 0.911 0.877 0.813 0.755 
SR3a 1.062 0.072 1.024 0.944 0.908 0.873 0.809 0.750 
SR3b 1.052 0.055 1.030 0.955 0.920 0.888 0.828 0.775 
SR4 
Y-DFT 
1.044 0.087 0.991 0.908 0.869 0.833 0.765 0.703 
SR4a 1.057 0.082 1.009 0.926 0.888 0.852 0.785 0.724 
SR4b 1.055 0.088 0.999 0.915 0.876 0.839 0.770 0.707 
SR5 
Y-FT 
1.048 0.079 1.004 0.922 0.885 0.850 0.785 0.725 
SR5a 1.061 0.086 1.008 0.924 0.885 0.848 0.780 0.718 
SR5b 1.056 0.074 1.016 0.935 0.899 0.864 0.799 0.740 
  Average 1.016 0.934 0.897 0.861 0.796 0.736 
  Minimum 0.991 0.908 0.868 0.830 0.759 0.693 
  Maximum 1.036 0.956 0.920 0.888 0.828 0.775 
1 - PHB stands for plastic hinge at the beams, S-DFT stands for sway failure triggered by distortional and 
flexural-torsional buckling, S-FT stands for sway failure triggered by flexural-torsional buckling, Y-DFT stands 
for yielding of the cross-section of the column triggered by distortional and flexural-torsional buckling and Y-FT 
stands for yielding of the cross-section of the column triggered by flexural-torsional buckling. 
 
Table 6-2 – Weighted unit/pallet load: φs(β). 
SR 
Frame 
Failure 
Mode1 
Bias – 
Rm/Rn 
CoV System resistance factor - φs [-] 
[-] [-] [-] β=2.0 β=2.5 β=2.75 β=3.0 β=3.5 β=4.0 
SR1 
PHB 
1.063 0.078 1.010 0.939 0.906 0.873 0.813 0.756 
SR1a 1.061 0.079 1.007 0.935 0.902 0.869 0.809 0.752 
SR1b 1.059 0.095 0.983 0.906 0.869 0.834 0.767 0.705 
SR2 
S-DFT 
1.072 0.073 1.024 0.954 0.921 0.889 0.830 0.774 
SR2a 1.069 0.068 1.028 0.960 0.928 0.897 0.840 0.786 
SR2b 1.061 0.066 1.022 0.954 0.922 0.892 0.835 0.783 
SR3 
S-FT 
1.064 0.070 1.020 0.951 0.919 0.888 0.830 0.776 
SR3a 1.062 0.072 1.017 0.947 0.915 0.884 0.825 0.771 
SR3b 1.052 0.055 1.026 0.962 0.932 0.903 0.850 0.801 
SR4 
Y-DFT 
1.044 0.087 0.980 0.907 0.873 0.840 0.777 0.718 
SR4a 1.057 0.082 0.999 0.927 0.893 0.860 0.798 0.741 
SR4b 1.055 0.088 0.988 0.914 0.879 0.845 0.781 0.721 
SR5 
Y-FT 
1.048 0.079 0.994 0.924 0.891 0.859 0.799 0.743 
SR5a 1.061 0.086 0.997 0.923 0.888 0.855 0.792 0.732 
SR5b 1.056 0.074 1.008 0.938 0.905 0.874 0.815 0.760 
  Average 1.007 0.936 0.903 0.871 0.811 0.755 
  Minimum 0.980 0.906 0.869 0.834 0.767 0.705 
  Maximum 1.028 0.962 0.932 0.903 0.850 0.801 
1 – As above. 
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Table 6-3 – System reliability index β for damage scenarios and unweighted unit/pallet load case. 
SR Frame φs=0.80 φs=0.85 φs=0.90 
β [-] Variation1 [-] β [-] Variation1 [-] β [-] Variation1 [-] 
SR1 3.611 - 3.189 - 2.792 - 
SR1wD 3.538 -0.073 3.117 -0.072 2.722 -0.070 
SR1a 3.574 - 3.156 - 2.763 - 
SR1awD 3.604 0.030 3.170 0.014 2.763 0.000 
SR1b 3.251 - 2.885 - 2.537 - 
SR1bwD 3.243 -0.008 2.875 -0.010 2.525 -0.012 
SR2 3.606 - 3.211 - 2.846 - 
SR2wD 3.084 -0.522 2.709 -0.502 2.361 -0.485 
SR2wD2 3.098 -0.508 2.721 -0.490 2.372 -0.474 
SR2a 3.679 - 3.268 - 2.889 - 
SR2awD 3.003 -0.676 2.636 -0.632 2.296 -0.593 
SR2awD2 3.167 -0.512 2.785 -0.483 2.432 -0.457 
SR2b 3.643 - 3.230 - 2.849 - 
SR2bwD 2.883 -0.760 2.516 -0.714 2.177 -0.672 
SR2bwD2 3.295 -0.348 2.897 -0.333 2.530 -0.319 
SR3 3.774 - 3.324 - 2.903 - 
SR3wD 3.661 -0.113 3.196 -0.128 2.763 -0.140 
SR3a 3.730 - 3.285 - 2.869 - 
SR3awD 3.683 -0.047 3.213 -0.072 2.777 -0.092 
SR3b 4.015 - 3.502 - 3.031 - 
SR3bwD 3.591 -0.424 3.124 -0.378 2.691 -0.340 
SR4 3.311 - 2.920 - 2.550 - 
SR4wD 2.377 -0.934 1.992 -0.928 1.630 -0.920 
SR4a 3.486 - 3.078 - 2.694 - 
SR4awD 2.476 -1.010 2.082 -0.996 1.714 -0.980 
SR4b 3.348 - 2.963 - 2.597 - 
SR4bwD 2.401 -0.947 2.011 -0.952 1.647 -0.950 
SR5 3.490 - 3.071 - 2.678 - 
SR5wD 2.612 -0.878 2.220 -0.851 1.852 -0.826 
SR5a 3.433 - 3.039 - 2.666 - 
SR5awD 2.656 -0.777 2.278 -0.761 1.922 -0.744 
SR5b 3.633 - 3.198 - 2.791 - 
SR5bwD 2.766 -0.867 2.358 -0.840 1.977 -0.814 
1 – Variation to undamaged rack frames. 
 
Table 6-4 – System reliability index β for damage scenarios and weighted unit/pallet load case. 
SR Frame φs=0.80 φs=0.85 φs=0.90 
β [-] Variation [-] β [-] Variation [-] β [-] Variation [-] 
SR1 3.611 - 3.189 - 2.792 - 
SR1wD 3.538 -0.073 3.117 -0.072 2.722 -0.070 
SR1a 3.574 - 3.156 - 2.763 - 
SR1awD 3.604 0.030 3.170 0.014 2.763 0.000 
SR1b 3.251 - 2.885 - 2.537 - 
SR1bwD 3.243 -0.008 2.875 -0.010 2.525 -0.012 
SR2 3.763 - 3.324 - 2.913 - 
SR2wD 3.169 -0.594 2.748 -0.576 2.354 -0.559 
SR2wD2 3.187 -0.576 2.763 -0.561 2.367 -0.546 
SR2a 3.868 - 3.407 - 2.977 - 
SR2awD 3.070 -0.798 2.659 -0.748 2.274 -0.703 
SR2awD2 3.268 -0.600 2.839 -0.568 2.438 -0.539 
SR2b 3.834 - 3.368 - 2.935 - 
SR2bwD 2.937 -0.897 2.525 -0.843 2.140 -0.795 
SR2bwD2 3.430 -0.404 2.980 -0.388 2.562 -0.373 
SR3 3.774 - 3.324 - 2.903 - 
SR3wD 3.661 -0.113 3.196 -0.128 2.763 -0.140 
SR3a 3.730 - 3.285 - 2.869 - 
SR3awD 3.683 -0.047 3.213 -0.072 2.777 -0.092 
SR3b 4.015 - 3.502 - 3.031 - 
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SR3bwD 3.591 -0.424 3.124 -0.378 2.691 -0.340 
SR4 3.311 - 2.920 - 2.550 - 
SR4wD 2.377 -0.934 1.992 -0.928 1.630 -0.920 
SR4a 3.486 - 3.078 - 2.694 - 
SR4awD 2.476 -1.010 2.082 -0.996 1.714 -0.980 
SR4b 3.348 - 2.963 - 2.597 - 
SR4bwD 2.401 -0.947 2.011 -0.952 1.647 -0.95 
SR5 3.490 - 3.071 - 2.678 - 
SR5wD 2.612 -0.878 2.220 -0.851 1.852 -0.826 
SR5a 3.433 - 3.039 - 2.666 - 
SR5awD 2.656 -0.777 2.278 -0.761 1.922 -0.744 
SR5b 3.633 - 3.198 - 2.791 - 
SR5bwD 2.766 -0.867 2.358 -0.840 1.977 -0.814 
 
The main results observed in Figures 6-1 to 6-12 and Tables 6-1 to 6-4 can be summarised as 
follows, emphasizing that these results are valid for the nominal system strength as defined by 
Australian Standard AS4084. 
- With the exception of frames from series SR4, fully-loaded racks present similar reliability 
results to ones subject to patterned unit/pallet load ‘a’. Patterned unit/pallet load ‘b’ 
presents different trends with special reference to low structural reliability shown for 
representative frame SR1 (low-rise rack with only three-load levels and three-bays). 
- For system reliability indices less than or equal to 3.0, the type of unit/pallet loading 
returns similar results of structural reliability. For system reliability indices greater than 
3.0, the unweighted unit/pallet loading returns slightly lower system resistance factors. 
- Within the range of system reliability indices from 2.5 to 3.5, the associated system 
resistance factors range from 0.962 to 0.759. 
- For a system reliability index of 2.5, the system resistance factors of all rack frames range 
from 0.906 to 0.962 and present a mean of 0.934/0.936 (unweighted/weighted); for a 
system reliability index of 2.75, the system resistance factors of all rack frames range from 
0.868 to 0.932 and present a mean of 0.897/0.903 (unweighted/weighted); for a system 
reliability index of 3.0, the system resistance factors of all rack frames range from 0.830 to 
0.903 and present a mean of 0.861/0.871 (unweighted/weighted) and, for a system 
reliability index of 3.5, the system resistance factors of all rack frames range from 0.759 to 
0.850 and present a mean of 0.796/0.811 (unweighted/weighted). 
- The interval of system resistance factors φs increases with the target system reliability 
index β. For a system reliability index of 2.5, the difference between maximum and 
minimum system resistance factors is equal to 0.056; for a system reliability index of 2.75, 
the difference between maximum and minimum system resistance factors is equal to 
0.064; for a system reliability index of 3.0, the difference between maximum and 
minimum system resistance factors is equal to 0.073 and, for a system reliability index of 
3.5, the difference between maximum and minimum system resistance factors is equal to 
0.091. 
- Rack frames failing in a sway mode achieve a greater reliability index for the same φs-
factor than braced rack frames or unbraced rack frames failing by the formation of plastic 
hinges in the beams. 
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- Rack frames failing in a sway mode present similar reliability results and, in fact, racks 
from series SR2 and SR3 display almost overlapping β-φs curves. 
- Within braced rack frames, lower structural reliabilities are observed for those with a 
failure mode involving distortional buckling (series SR4) and thus, to achieve a certain 
target system reliability index, a lower value of system resistance factor φs is required for 
frames from series SR4 than frames from series SR5. 
- Scenario 1 of the maximum permissible damage specified in AS4084 gives a greater 
reduction in structural reliability than scenario 2. 
- Scenarios of maximum permissible damage as per AS4084 cause a considerable drop of 
structural reliability of braced rack frames. Racks from series SR4 and SR5 present a 
reduction of system reliability index of almost a unit which, depending on the absolute 
value, corresponds to a 8 to 20 times greater probability of failure. 
- Scenarios of maximum permissible damage as per AS4084 cause a large to moderate drop 
of structural reliability of unbraced frames failing in a sway mode. Racks from series SR2 
and SR3 present a reduction of system reliability index between 0.1 and 0.9 which, 
depending on the absolute value, corresponds to a 2 to 15 times greater probability of 
failure. 
- Rack frames whose failure mode involve distortional buckling (SR2 and SR4) are more 
affected by damage than their counterparts (SR3 and SR5) whose failure mode does not 
involve distortional buckling. 
- Scenarios of maximum permissible damage as per AS4084 cause an almost negligible drop 
in the structural reliability of frames, which fail by the formation of plastic hinges in the 
beams.  
 
6.3.3 Effect of model uncertainty: β-φs curves 
 
In Chapter 3, a finite element (FE) model suitable to be used in advanced analysis of storage rack 
frames was developed, i.e., an FE model sufficiently accurate and simultaneously simple to be 
adopted by professional engineers. 
The FE model presents shortcomings associated with: (i) limitations on the input information that 
is gathered from component tests – portal frame test and cantilever test are not able to precisely 
reproduce the moment-rotation curve of the rack frame joints and (ii) conservative modelling 
simplifications – cross-aisle bracing interaction, semi-rigid behaviour of the whole joint 
concentrated at a single point, idealised bi-linear stress-strain curve for cold-formed steel, shape 
of geometric imperfections, bi-linear moment-rotation curve. 
Consequently, numerical system strength predictions obtained from the FE model display a certain 
difference from the corresponding actual system strength. This difference is termed modelling 
uncertainty and may be quantified by the ratio of actual-to-numerical system strength. 
During the validation of the FE model, failure loads of six actual full-scale tests were compared 
with numerical system strength predictions from their FE model counterparts and the results as 
per Table 3-4 showed that actual-to-numerical system strength (M) ratio presents a mean of 1.13 
and a coefficient of variation of 0.065. 
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Structural reliability studies are carried out where modelling uncertainty is incorporated by 
modifying the definition of the variable system strength R in step (ii) of Section 6.3.1 to: 
 
R = M x N          [6-14] 
 
Where M represents the variable model uncertainty and N represents the variable numerical 
system strength (as obtained from in Chapter 5).  
In this study and for the considered scenarios of modelling uncertainty, M is assumed to follow a 
normal distribution with an average of µM and a coefficient of variation of CoVM.  
A probabilistic model for R is then derived from the product of 10 series of 200 randomly 
generated values (with Latin-hypercube sampling) of model uncertainty and 200 numerical system 
strengths as obtained from the Monte-Carlo simulations. It is assumed that R follows a normal 
distribution. 
 R~Normal(µR,σR)         [6-15] 
 
Since only six full-scale tests were used to quantify the modelling uncertainty, it is possible that 
further studies with a larger number of full-scale tests present slightly different results. To take 
that into account, six different scenarios of model uncertainty are considered as per Table 6-5. 
Figures 6-13 to 6-22 present the resultant β-φs curves for the fully-loaded representative rack 
frames whereas the associated table of values are presented in Appendix E. 
 
Table 6-5 – Model uncertainty scenarios. 
Scenario ID Probability Distribution Mean - µM Coefficient of variation - CoVM 
[-] [-] [-]  
M0 Normal 1.10 0.07 
M1 Normal 1.10 0.10 
M2 Normal 1.10 0.15 
M3 Normal 1.05 0.07 
M4 Normal 1.05 0.10 
M5 Normal 1.05 0.15 
 
 
 
Figure 6-13 – Modelling uncertainty for SR1 – β-φs curve for unweighted unit/pallet loading. 
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Figure 6-14 – Modelling uncertainty for SR1 – β-φs curve for weighted unit/pallet loading. 
 
 
Figure 6-15 – Modelling uncertainty for SR2 – β-φs curve for unweighted unit/pallet loading. 
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Figure 6-16 – Modelling uncertainty for SR2 – β-φs curve for weighted unit/pallet loading. 
 
 
Figure 6-17 – Modelling uncertainty for SR3 – β-φs curve for unweighted unit/pallet loading. 
 
 
Figure 6-18 – Modelling uncertainty for SR3 – β-φs curve for weighted unit/pallet loading. 
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Figure 6-19 – Modelling uncertainty for SR4 – β-φs curve for unweighted unit/pallet loading. 
 
 
Figure 6-20 – Modelling uncertainty for SR4 – β-φs curve for weighted unit/pallet loading. 
 
 
Figure 6-21 – Modelling uncertainty for SR5 – β-φs curve for unweighted unit/pallet loading. 
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Figure 6-22 – Modelling uncertainty for SR5 – β-φs curve for weighted unit/pallet loading. 
 
The main results observed in Figures 6-13 to 6-22 are summarised as follows: 
- For scenario of model uncertainty M0 - which is a slightly conservative adaptation of the 
observed model uncertainty for the developed FE model (see Table 3-4) – the structural 
reliability is enhanced for system reliability indices equal to or less than 3.5 when 
compared with the results without any model uncertainty. 
- Even for a scenario of model uncertainty M3 – which is a more conservative adaptation of 
the observed model uncertainty for the developed FE model – and up to a system 
reliability index of 3.0, the structural reliability is quite similar to the one obtained by 
ignoring model uncertainty. 
-  A model uncertainty with a coefficient of variation larger than 0.10 severely penalises the 
structural reliability and thus, requires the use of low values of system resistance factors 
to achieve the desired reliability levels. 
 
6.3.4 Effect of nominal model: β-φs curves 
 
The previous reliability studies use the nominal strength model as per Australian Standard AS4084 
and the results obtained are valid for that nominal strength model only.  
Among other features, the nominal strength model as per AS4084 requires the explicit modelling 
of geometric imperfections – Ims - which, for a matter of convenience, professional engineers may 
wish to avoid, specifically the complex member and sectional imperfections. 
This section assesses the consequences of the required modelling effort to structural reliability, in 
terms of the value and scatter of the corresponding system resistance factors. 
For the fully-loaded racks, two scenarios are considered: (i) nominal FE models as per Australian 
Standard AS4084 except that the member and sectional imperfections are not modelled - Ioo, and 
(ii) nominal FE models as per Australian Standard AS4084 except that only member imperfections 
are modelled – Imo. The values of system strengths for both scenarios are displayed in Table 5-3. 
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As per step (iv) of Section 6.3.1, new values of nominal system strength lead to new load statistics 
and, subsequently, new β-φs curves are derived with the results being presented in Figures 6-23 to 
6-26 and, Tables 6-6 to 6-9. 
 
 
Figure 6-23 – Fully-loaded rack frames considering a nominal strength model without member and 
sectional imperfections – β-φs curve for unweighted unit/pallet loading. 
 
 
Figure 6-24 – Fully-loaded rack frames considering a nominal strength model without member and 
sectional imperfections – β-φs curve for weighted unit/pallet loading. 
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Figure 6-25 – Fully-loaded rack frames considering a nominal strength model with member 
imperfections only – β-φs curve for unweighted unit/pallet loading. 
 
 
Figure 6-26 – Fully-loaded rack frames considering a nominal strength model with member 
imperfections only – β-φs curve for weighted unit/pallet loading. 
 
 
 
 
 
 
 
 
 
 
 
 
  
Table 6-6 – Fully-loaded rack frames considering a nominal strength model without member and sectional imperfections –φs for unweighted unit/pallet 
loading. 
SR 
Frame 
System resistance factor - φs [-] 
β=2.0 β=2.5 β=2.75 β=3.0 β=3.5 β=4.0 
Ims Ioo 
Variation 
[%] Ims Ioo 
Variation 
[%] Ims Ioo 
Variation 
[%] Ims Ioo 
Variation 
[%] Ims Ioo 
Variation 
[%] Ims Ioo 
Variation 
[%] 
SR1 1.019 1.018 -0.1 0.937 0.936 -0.1 0.900 0.899 -0.1 0.864 0.863 -0.1 0.798 0.797 -0.1 0.738 0.737 -0.1 
SR2 1.033 1.028 -0.5 0.951 0.947 -0.4 0.914 0.910 -0.4 0.878 0.878 0.0 0.813 0.810 -0.4 0.754 0.750 -0.5 
SR3 1.028 1.029 0.1 0.948 0.949 0.1 0.911 0.912 0.1 0.877 0.877 0.0 0.813 0.813 0.0 0.755 0.755 -0.0 
SR4 0.991 0.912 -8.0 0.908 0.835 -8.0 0.869 0.800 -7.9 0.833 0.767 -7.9 0.765 0.705 -7.8 0.703 0.648 -7.8 
SR5 1.004 0.976 -2.8 0.922 0.897 -2.7 0.885 0.861 -2.7 0.850 0.826 -2.8 0.785 0.763 -2.8 0.725 0.705 -2.8 
Av 1.015 0.993  0.933 0.913  0.896 0.876  0.860 0.842  0.795 0.778  0.735 0.712  
Min 0.991 0.912  0.908 0.835  0.869 0.800  0.833 0.767  0.765 0.705  0.703 0.648  
Max 1.033 1.029  0.951 0.949  0.914 0.912  0.878 0.878  0.813 0.813  0.755 0.750  
 
 
Table 6-7 – Fully-loaded rack frames considering a nominal strength model without member and sectional imperfections –φs for weighted unit/pallet 
loading. 
SR 
Frame 
System resistance factor - φs [-] 
β=2.0 β=2.5 β=2.75 β=3.0 β=3.5 β=4.0 
Ims Ioo 
Variation 
[%] Ims Ioo 
Variation 
[%] Ims Ioo 
Variation 
[%] Ims Ioo 
Variation 
[%] Ims Ioo 
Variation 
[%] Ims Ioo 
Variation 
[%] 
SR1 1.010 1.009 -0.1 0.939 0.938 -0.1 0.906 0.904 -0.2 0.873 0.872 -0.1 0.813 0.812 -0.1 0.756 0.755 -0.1 
SR2 1.024 1.020 -0.4 0.954 0.950 -0.4 0.921 0.917 -0.4 0.889 0.885 -0.4 0.830 0.826 -0.5 0.774 0.771 -0.4 
SR3 1.020 1.021 0.1 0.951 0.952 0.1 0.919 0.920 0.1 0.888 0.889 0.1 0.830 0.831 0.1 0.776 0.777 0.1 
SR4 0.980 0.902 -8.0 0.907 0.835 -7.9 0.873 0.803 -8.0 0.840 0.773 -8.0 0.777 0.715 -8.0 0.718 0.661 -7.9 
SR5 0.994 0.967 -2.7 0.924 0.898 -2.8 0.891 0.866 -2.8 0.859 0.835 -2.8 0.799 0.777 -2.8 0.743 0.722 -2.8 
Av 1.016 0.986  0.935 0.914  0.901 0.881  0.868 0.849  0.807 0.789  0.750 0.734  
Min 0.980 0.902  0.907 0.835  0.873 0.803  0.840 0.773  0.777 0.715  0.718 0.661  
Max 1.024 1.021  0.954 0.952  0.921 0.920  0.889 0.889  0.830 0.831  0.776 0.777  
 
 
 
 
 
 
 
 
 
 
 
 
  
Table 6-8 – Fully-loaded rack frames considering a nominal strength model with member imperfections only –φs for unweighted unit/pallet loading. 
SR 
Frame 
System resistance factor - φs [-] 
β=2.0 β=2.5 β=2.75 β=3.0 β=3.5 β=4.0 
Ims Imo 
Variation 
[%] Ims Imo 
Variation 
[%] Ims Imo 
Variation 
[%] Ims Imo 
Variation 
[%] Ims Imo 
Variation 
[%] Ims Imo 
Variation 
[%] 
SR1 1.019 1.018 -0.1 0.937 0.937 0.0 0.900 0.900 0.0 0.864 0.863 -0.1 0.798 0.797 -0.1 0.738 0.737 -0.1 
SR2 1.033 1.032 -0.1 0.951 0.951 0.0 0.914 0.914 0.0 0.878 0.878 0.0 0.813 0.813 0.0 0.754 0.753 -0.1 
SR3 1.028 1.028 0.0 0.948 0.948 0.0 0.911 0.911 0.0 0.877 0.877 0.0 0.813 0.813 0.0 0.755 0.755 0.0 
SR4 0.991 0.985 -0.6 0.908 0.903 -0.6 0.869 0.865 -0.5 0.833 0.829 -0.5 0.765 0.761 -0.5 0.703 0.700 -0.4 
SR5 1.004 1.002 -0.2 0.922 0.921 -0.1 0.885 0.883 -0.2 0.850 0.848 -0.2 0.785 0.783 -0.3 0.725 0.724 -0.1 
Av 1.015 1.013  0.933 0.932  0.896 0.895  0.860 0.859  0.795 0.793  0.735 0.734  
Min 0.991 0.985  0.908 0.903  0.869 0.865  0.833 0.878  0.765 0.761  0.703 0.700  
Max 1.033 1.032  0.951 0.951  0.914 0.914  0.878 0.829  0.813 0.813  0.755 0.755  
 
 
Table 6-9 – Fully-loaded rack frames considering a nominal strength model with member imperfections only –φs for weighted unit/pallet loading. 
SR 
Frame 
System resistance factor - φs [-] 
β=2.0 β=2.5 β=2.75 β=3.0 β=3.5 β=4.0 
Ims Imo 
Variation 
[%] Ims Imo 
Variation 
[%] Ims Imo 
Variation 
[%] Ims Imo 
Variation 
[%] Ims Imo 
Variation 
[%] Ims Imo 
Variation 
[%] 
SR1 1.010 1.009 -0.1 0.939 0.938 -0.1 0.906 0.906 0.0 0.873 0.873 0.0 0.813 0.812 -0.1 0.756 0.756 0.0 
SR2 1.024 1.024 0.0 0.954 0.953 -0.1 0.921 0.921 0.0 0.889 0.889 0.0 0.830 0.829 -0.1 0.774 0.774 0.0 
SR3 1.020 1.020 0.0 0.951 0.951 0.0 0.919 0.919 0.0 0.888 0.888 0.0 0.830 0.830 0.0 0.776 0.776 0.0 
SR4 0.980 0.975 -0.5 0.907 0.902 -0.6 0.873 0.868 -0.6 0.840 0.835 -0.6 0.777 0.773 -0.5 0.718 0.714 -0.6 
SR5 0.994 0.993 -0.1 0.924 0.922 -0.2 0.891 0.889 -0.2 0.859 0.857 -0.2 0.799 0.797 -0.2 0.743 0.742 -0.1 
Av 1.016 1.004  0.935 0.933  0.901 0.900  0.868 0.867  0.807 0.806  0.750 0.749  
Min 0.980 0.975  0.907 0.902  0.873 0.868  0.840 0.835  0.777 0.773  0.718 0.714  
Max 1.024 1.024  0.954 0.953  0.921 0.921  0.889 0.889  0.830 0.830  0.776 0.776  
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The main results observed in Figures 6-23 to 6-26 and, Tables 6-6 to 6-9 are summarised as 
follows: 
- For fully-loaded racks failing in a sway mode (SR2 and SR3) or by formation of plastic 
hinges in the beams (SR1), modelling or not sectional and member imperfection in the 
nominal model leads to similar structural reliabilities. 
- For braced fully-loaded racks (SR4 and SR5), the structural reliability is reduced when 
sectional and member imperfection are not explicitly modelled and, the system resistance 
factors need to be reduced by 3 to 8% in order to obtain the same level of structural 
reliability. 
- Modelling explicitly member imperfections only – Imo - or member and sectional 
imperfections – Ims - leads to similar reliability results. 
 
6.3.5 Discussion of results 
 
The following remarks apply to the results of the reliability studies of storage rack frames under 
gravity loads only. 
- The fact that for system reliability indices equal to or less than 3.0, similar structural 
reliabilities are obtained for unweighted and weighted unit/pallet loading shows that there 
is a consistency between the load combination factors and their respective coefficients of 
variation. For system reliability indices greater than 3.0, the greater coefficient of variation 
of unweighted unit/pallet loading leads to slightly lower structural reliabilities. 
- Rack frames with a sway-failure mode (SR2 and SR3) present relatively high structural 
reliabilities since they display large values of system strength bias (mean-to-nominal 
system ratio) and low values of coefficients of variation. 
- Braced rack frames (SR4 and SR5) present the lowest structural reliabilities since they 
display low values of system strength bias and high coefficients of variation. Furthermore, 
racks SR4 display a slightly greater coefficient of variation than racks SR5 and hence, have 
a slightly lower structural reliability than the latter. 
- Rack frames from series SR1 present median system strength statistics (bias and 
coefficients of variation) and thus, structural reliabilities between the ones presented for 
rack frames with a sway-failure mode and braced rack frames. 
- Reiterating that the responsibility of defining a target system reliability index for storage 
rack frames belongs to the respective national entities, it seems that for a system 
reliability index in the range of 2.5 to 3.5, rack systems may be categorised in terms of 
reliability in three categories: (i) rack frames with a sway-failure mode, (ii) braced rack 
frames and (iii) rack frames failing by the formation of plastic hinges in the beams. For 
instance, a system reliability index of 2.75 leads to system resistance factors of 0.918, 
0.886 and 0.890 for racks from categories (i), (ii) and (iii), respectively. The resultant 
reliability is quite uniform with the differences between the φs-factors to the mean being 
0.014, 0.019 and 0.022 for racks from categories (i), (ii) and (iii), respectively. 
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- Furthermore, for a system reliability index of 2.75, the scatter of system resistance factors 
is equal to 0.064 (0.868 to 0.932) and thus, adopting a single system resistance factor of 
0.90 for all categories still returns a relatively uniform structural reliability. 
- It is also shown that damage scenarios considerably affect the structural reliability of rack 
frames, in particular, braced rack frames and unbraced rack frames with thin uprights 
subject to distortional buckling. 
- It is suggested to either (i) review the damage clauses of AS4084 in accordance with the 
values of geometric imperfections adopted in the nominal model (in particular, maximum 
member imperfections equal to L/1000) or (ii) increase the magnitude of the geometric 
imperfections to be adopted in the nominal model in accordance with the current damage 
clauses (in particular, maximum member imperfections of L/200 and L/333). 
- System reliability-based criteria requires accurate methods of structural analysis as 
advanced analysis, i.e. methods where model uncertainty presents a coefficient of 
variation of less than 0.10. Otherwise, adequate levels of structural reliability can only be 
achieved by adopting low values of system resistance factors which lead to uneconomical 
design solutions. 
- For the nominal FE model developed in Chapter 3 and for a system reliability index lower 
than 3.0, the reliability results obtained by ignoring model uncertainty are more 
conservative (and then adequate) than by considering the corresponding model 
uncertainty. 
- Considering a nominal model where member and sectional imperfections are not explicitly 
modelled leads to an increase in the scatter of system resistance factors and thus, to a 
less uniform reliability if a single system resistance factor was to be adopted. For instance, 
a system reliability index of 2.75 leads to four categories of rack frames with distinct 
system resistance factors: (i) rack frames with a sway failure mode – φs =0.915, (ii) 
braced rack frames with a failure mode involving distortional buckling – φs =0.800, (iii) 
braced rack frames with a failure mode not involving distortional buckling – φs =0.865 - 
and (iv) rack frames failing by the formation of plastic hinges in the beams – φs =0.900.  
- Considering a nominal model where member imperfections (and frame imperfections) only 
are explicitly modelled leads to results similar to the standard nominal model.  
 
6.4 COLD-FORMED (CF) STEEL PORTAL FRAMES UNDER GRAVITY LOADS ONLY 
 
6.4.1 Methodology 
 
The methodology used to relate system resistance factors φs to system reliability indices β for cold-
formed (CF) steel portal frames under gravity loads only is described as follows: 
 
(i) Define the limit state function - The limit state function for CF portal frames under gravity loads 
is expressed by equation 6-15. 
 g = R − D − L          [6-15] 
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In which R is the nominal system strength (in terms of gravity load), D is the applied permanent 
load and L is the applied imposed load. 
 
(ii) Define the probabilistic model for the variable system strength (R) – In Chapter 5, statistics for 
system strength of representative CF portal frames were derived including the mean and standard 
deviation presented in Table 5-14. 
Furthermore, the histograms presented in Figures 5-32 to 5-35 and the respective Kolmogorov-
Smirnov tests (goodness-of-fit test) indicate that lognormal distributions adequately fit the 
obtained system strength distributions. Hence, the lognormal distribution is adopted for the 
probabilistic model of the system strength. Alternative studies where it is assumed that the 
probabilistic model of system strength is fitted by a normal distribution were also carried out. 
 R~Lognormal(µR,σR)         [6-16] 
 
(iii) Define the probabilistic model for the variables permanent load (D) and imposed load (L) – In 
Chapter 4, it is established that permanent load follows a normal distribution with a mean-to-
nominal ratio (µD/Dn) of 1.05 and a coefficient of variation of 0.10 and, imposed load (roof live 
load) follows an extreme type I distribution with a mean-to-nominal ratio (µL/Ln) of 1.0 and a 
coefficient of variation of 0.25 
 D~Normal(µD = 1.05 ∙ Dn,σD = 0.10 ∙ 1.05 ∙ Dn)      [6-17] 
 L~Ext. Type I (µL = Ln,σL = 0.25 ∙ Ln)       [6-18] 
 
(iv) Use the Load Scale Method (LSM) to obtain the maximum nominal applied loads Dn and Ln for 
different values of φs – Load scale method (LSM) unfolds as follows 
According to the Australian Standard AS1170.0 [276], relevant load combinations involving gravity 
loads only are given by equation 6-19: 
 
∑γi ∙ Qni = max � 1.35 ∙ Dn1.2 ∙ Dn + 1.5 ∙ Ln         [6-19] 
 
It is of interest to consider different ratios of imposed-to-permanent nominal load (k=Ln/Dn) 
equation 6-20, becomes: 
 
∑γi ∙ Qni = max � 1.35 ∙ Dn(1.2 + 1.5 ∙  k) ∙ Dn         [6-20] 
 
Substituting equation 6-20 in the system strength check of the design-by-analysis approach (given 
by equation 6-1), results in: 
 
ϕs ∙ Rn ≥ max � 1.35 ∙ Dn(1.2 + 1.5 ∙  k) ∙ Dn = � 1.35 ∙ Dn, k < 0.10(1.2 + 1.5 ∙  k) ∙ Dn, 𝑘 ≥ 0.10       [6-21] 
 
Since k-values of less than 0.1 are not common within the practical range of CF portal frames, 
equation 6-21 may be simplified to: 
 
ϕs ∙ Rn ≥ (1.2 + 1.5 ∙  k) ∙ Dn        [6-22] 
 
Which in the limit design case leads to: 
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ϕs ∙ Rn = (1.2 + 1.5 ∙  k) ∙ Dn ⟺ � Dn = ϕs∙Rn(1.2+1.5∙ k)Ln = k ∙ Dn =  k∙ϕs∙Rn(1.2+1.5∙ k)       [6-23] 
 
It should be emphasized that Dn and Ln as given by equation 6-23 correspond to the maximum 
values of nominal loads allowed by the design-by-analysis strength check for a CF portal frame 
with a certain value of nominal system strength (Rn), a certain ratio imposed-to-permanent 
nominal load k and a system resistance factor φs. The values of nominal system strength for the 
representative frames are presented in Table 5-11. 
Consequently, the variables permanent load D and imposed load L become, for each value of k and 
φs, statistically characterised by: 
 D~Normal �µD = 1.05 ∙ ϕs∙Rn(1.2+1.5∙ k) ,σD = 0.10 ∙ 1.05 ∙ ϕs∙Rn(1.2+1.5∙ k)�     [6-24] 
 L~Ext. Type I �µL = k∙ϕs∙Rn(1.2+1.5∙ k) ,σL = 0.25 ∙ k∙ϕs∙Rn(1.2+1.5∙ k)�      [6-25] 
 
(v) Establish the relation between system resistance factor φs and system reliability index β - 
Unlike for storage rack frames, the limit state function given by equation 6-15 is composed of non-
normal variables and thus, a closed-form solution for the system reliability index β cannot be 
derived and a numerical method such as the first-order reliability method (FORM) has to be 
employed in order to obtain an estimation of β. 
In this study, FORM as per the Rackwitz-Fiessler procedure is used. A complete description of the 
method is detailed in Chapter 2 and hence, only the main features of the procedure are 
summarised: FORM (as per Rackwitz-Fiessler procedure) is applied to linear limit state function g 
(as per equation 6-15) and takes into account the statistical properties of the independent random 
variables – mean, coefficient of variation and an equivalent normal distribution fitted at certain 
design points. The process is iterative and returns an estimation of the system reliability index β. 
The statistical properties of the random variables used correspond to the ones developed in (ii) 
and (iv). 
 
(vi) Obtain β – φs curves for different ratios of imposed-to-permanent nominal load (k) – For each 
representative frame and for each imposed-to-permanent nominal load ratio, consider a range of 
system resistance factor φs from 0.6 to 1.0 and obtain numerically, using FORM, a corresponding 
estimation for system reliability index β. Since it is preferable to determine system resistance 
factors for fixed values of system reliability index, linear interpolation is implemented between the 
adjacent (φs, β) points. In this study, a Matlab script was developed to automatically carry out 
steps (v) and (vi). The code is presented in Section C.6 of Appendix C. 
 
Similarly to the reliability analyses conducted for rack frames, see Section 6.3.1, and provided that 
the fabrication procedures and tolerances are consistent with the probabilistic models for random 
variables adopted in this doctoral thesis and (b) the defined nominal model is used, steps (iii) and 
(iv) may be easily adapted for different load combinations and load statistics, and new β-φs curves 
may be derived.  
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As an example, obtaining β-φs curves for the North American loads would be relatively simple since 
the fabrication procedures and tolerances of cold-formed steel portal frames are similar to the 
ones adopted in Australia, i.e., the probabilistic models for strength random variables are not 
expected to differ from the ones adopted in this doctoral thesis and, hence, system strength 
statistics remain the same, and only step (iii) and (iv) would have to be modified to take into 
account the load combinations and statistics stated in the American Standard ASCE-7 [283], 
followed by the FORM procedure described in step (v) and (vi) for which a Matlab script has 
already been developed. 
 
6.4.2 Results: β-φs curves 
 
For the representative CF portal frames considered in Chapter 5, Figures 6-27 to 6-34 show the 
system reliability index β versus system resistance factor φs curves whereas Tables 6-10 to 6-17 
present system resistance factors φs for each value of target system reliability index β and ratio of 
imposed-to-permanent nominal load (Ln/Dn). 
The following failure modes are considered: distortional buckling of the columns (PF1), sway 
triggered by flexural-torsional buckling of the columns (PF2), pure sway buckling of the frame 
(PF3) and sway triggered by distortional buckling of the columns (PF4). The nominal strength 
model is detailed in Section 5.2.3 with the main parameters being presented in Table 5-10. 
An overall system resistance factor φs is also determined for each frame by taking into account the 
frequency (wi) of the different Ln/Dn scenarios for general CF steel structures and CF steel portal 
frames as per equation 6-26. 
 
ϕs =∙ ∑wi ∙ ϕsi          [6-26] 
 
The full set of results may be found in Appendix F, which also include the reliability studies which 
assume that the strength distribution follows a normal distribution as opposed to a lognormal 
distribution.  
 
 
Figure 6-27 – Frame PF1– β-φs for different ratios of imposed-to-permanent nominal load (Ln/Dn). 
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Figure 6-28 – Frame PF1a– β-φs for different ratios of imposed-to-permanent nominal load (Ln/Dn). 
 
 
Figure 6-29 – Frame PF2– β-φs for different ratios of imposed -to-permanent nominal load (Ln/Dn). 
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Figure 6-30 – Frame PF2a– β-φs for different ratios of imposed-to-permanent nominal load (Ln/Dn). 
 
 
Figure 6-31 – Frame PF3– β-φs for different ratios of imposed-to-permanent nominal load (Ln/Dn). 
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Figure 6-32 – Frame PF3a– β-φs for different ratios of imposed-to-permanent nominal load (Ln/Dn). 
 
 
 
Figure 6-33 – Frame PF4– β-φs for different ratios of imposed-to-permanent nominal load (Ln/Dn). 
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Figure 6-34 – Frame PF4a– β-φs for different ratios of imposed-to-permanent nominal load (Ln/Dn). 
 
Table 6-10 – PF1: φs(β). 
Ln/Dn [-] 
Weight [%] φs [-] 
General CF 
structures1 
CF Portal 
frames2 β=2.5 β=2.75 β=3.0 β=3.5 
0.25 0 5 0.865 0.837 0.810 0.757 
0.50 0 10 0.871 0.837 0.803 0.737 
1.0 15 50 0.849 0.806 0.765 0.685 
2.0 30 25 0.818 0.769 0.722 0.635 
3.0 33 5 0.802 0.751 0.702 0.613 
5.0 22 5 0.787 0.734 0.683 0.5893 
Overall weighted value for general CF 
structures 0.811 0.761 0.713 0.625 
Overall weighted value for portal CF 
structures 0.839 0.795 0.753 0.673 
1 – Occurrence frequencies for general cold-formed steel structures as per [196]. 
2 – Assumed frequencies for pitched cold-formed steel portal frames 
3 – Value obtained by linear extrapolation. 
Table 6-11 – PF1a: φs(β). 
Ln/Dn [-] 
Weight [%] φs [-] 
General CF 
structures1 
CF Portal 
frames2 β=2.5 β=2.75 β=3.0 β=3.5 
0.25 0 5 0.865 0.837 0.810 0.757 
0.50 0 10 0.870 0.836 0.802 0.736 
1.0 15 50 0.848 0.805 0.763 0.684 
2.0 30 25 0.816 0.768 0.721 0.634 
3.0 33 5 0.801 0.751 0.702 0.613 
5.0 22 5 0.785 0.732 0.682 0.5883 
Overall weighted value for general CF 
structures 0.809 0.760 0.712 0.624 
Overall weighted value for portal CF 
structures 0.838 0.794 0.752 0.672 
1 – As above. 
2 – As above. 
3 – As above. 
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Table 6-12 – PF2: φs(β). 
Ln/Dn [-] 
Weight [%] φs [-] 
General CF 
structures1 
CF Portal 
frames2 β=2.5 β=2.75 β=3.0 β=3.5 
0.25 0 5 0.948 0.921 0.895 0.844 
0.50 0 10 0.945 0.910 0.876 0.808 
1.0 15 50 0.913 0.869 0.826 0.744 
2.0 30 25 0.876 0.825 0.776 0.686 
3.0 33 5 0.857 0.804 0.753 0.660 
5.0 22 5 0.840 0.784 0.732 0.637 
Overall weighted value for general CF 
structures 0.867 0.816 0.766 0.675 
Overall weighted value for portal CF 
structures 0.902 0.857 0.814 0.731 
1 – As above. 
2 – As above. 
 
Table 6-13 – PF2a: φs(β). 
Ln/Dn [-] 
Weight [%] φs [-] 
General CF 
structures1 
CF Portal 
frames2 β=2.5 β=2.75 β=3.0 β=3.5 
0.25 0 5 0.939 0.912 0.885 0.833 
0.50 0 10 0.939 0.903 0.868 0.800 
1.0 15 50 0.909 0.864 0.821 0.738 
2.0 30 25 0.872 0.821 0.772 0.682 
3.0 33 5 0.854 0.801 0.750 0.657 
5.0 22 5 0.837 0.781 0.729 0.634 
Overall weighted value for general CF 
structures 0.864 0.812 0.763 0.672 
Overall weighted value for portal CF 
structures 0.898 0.852 0.809 0.726 
1 – As above. 
2 – As above. 
 
Table 6-14 – PF3: φs(β). 
Ln/Dn [-] 
Weight [%] φs [-] 
General CF 
structures1 
CF Portal 
frames2 β=2.5 β=2.75 β=3.0 β=3.5 
0.25 0 5 0.909 0.883 0.858 0.808 
0.50 0 10 0.908 0.874 0.840 0.775 
1.0 15 50 0.878 0.835 0.794 0.714 
2.0 30 25 0.842 0.793 0.746 0.765 
3.0 33 5 0.825 0.773 0.724 0.635 
5.0 22 5 0.808 0.754 0.704 0.613 
Overall weighted value for general CF 
structures 0.834 0.784 0.737 0.681 
Overall weighted value for portal CF 
structures 0.867 0.824 0.782 0.729 
1 – As above. 
2 – As above. 
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Table 6-15 – PF3a: φs(β). 
Ln/Dn [-] 
Weight [%] φs [-] 
General CF 
structures1 
CF Portal 
frames2 β=2.5 β=2.75 β=3.0 β=3.5 
0.25 0 5 0.920 0.894 0.868 0.818 
0.50 0 10 0.919 0.885 0.851 0.784 
1.0 15 50 0.889 0.846 0.803 0.723 
2.0 30 25 0.853 0.803 0.755 0.667 
3.0 33 5 0.835 0.783 0.733 0.643 
5.0 22 5 0.818 0.764 0.713 0.620 
Overall weighted value for general CF 
structures 0.845 0.794 0.746 0.657 
Overall weighted value for portal CF 
structures 0.878 0.834 0.791 0.711 
1 – As above. 
2 – As above. 
 
Table 6-16 – PF4: φs(β). 
Ln/Dn [-] 
Weight [%] φs [-] 
General CF 
structures1 
CF Portal 
frames2 β=2.5 β=2.75 β=3.0 β=3.5 
0.25 0 5 0.976 0.948 0.920 0.866 
0.50 0 10 0.976 0.939 0.903 0.832 
1.0 15 50 0.945 0.898 0.853 0.767 
2.0 30 25 0.907 0.853 0.803 0.709 
3.0 33 5 0.888 0.832 0.779 0.683 
5.0 22 5 0.870 0.812 0.758 0.659 
Overall weighted value for general CF 
structures 0.898 0.844 0.793 0.698 
Overall weighted value for portal CF 
structures 0.934 0.886 0.840 0.754 
1 – As above. 
2 – As above. 
 
Table 6-17 – PF4a: φs(β). 
Ln/Dn [-] 
Weight [%] φs [-] 
General CF 
structures1 
CF Portal 
frames2 β=2.5 β=2.75 β=3.0 β=3.5 
0.25 0 5 0.973 0.945 0.917 0.864 
0.50 0 10 0.973 0.937 0.900 0.829 
1.0 15 50 0.942 0.896 0.851 0.765 
2.0 30 25 0.904 0.851 0.800 0.707 
3.0 33 5 0.886 0.830 0.770 0.681 
5.0 22 5 0.868 0.810 0.756 0.657 
Overall weighted value for general CF 
structures 0.896 0.842 0.788 0.696 
Overall weighted value for portal CF 
structures 0.931 0.884 0.838 0.752 
1 – As above. 
2 – As above. 
 
Figures 6-35 to 6-36 and Table 6-18 to 6-20 compare the system reliability curves for the 
representative CF portal frames, for Ln/Dn ratios of 1.0 and 3.0, respectively. 
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Figure 6-35 – β-φs plots for all frames with an imposed-to-permanent nominal load ratio of 1.0. 
 
 
Figure 6-36 – β-φs plots for all frames with an imposed-to-permanent nominal load ratio of 3.0. 
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Table 6-18 – φs(β) - For an imposed -to-permanent nominal load ratio (Ln/Dn) of 1.0.  
PF 
Frame 
Failure 
Mode1 
Bias – 
Rm/Rn 
CoV System resistance factor - φs [-] 
[-] [-] [-] β=2.0 β=2.5 β=2.75 β=3.0 β=3.5 β=4.0 
PF1 Y-D 0.992 0.098 0.938 0.849 0.806 0.765 0.685 0.613 PF1a 0.988 0.096 0.936 0.848 0.805 0.763 0.684 0.612 
PF2 S-FT 1.033 0.069 - 0.913 0.869 0.826 0.744 0.668 PF2a 1.036 0.077 - 0.909 0.864 0.821 0.738 0.662 
PF3 S 0.997 0.073 0.966 0.878 0.835 0.794 0.714 0.641 PF3a 1.010 0.074 0.978 0.889 0.846 0.803 0.723 0.649 
PF4 S-D 1.075 0.076 - 0.945 0.898 0.853 0.767 0.688 PF4a 1.073 0.083 - 0.942 0.896 0.851 0.765 0.687 
  Average - 0.897 0.852 0.810 0.728 0.653 
  Minimum 0.936 0.848 0.805 0.763 0.684 0.612 
  Maximum >1.00 0.945 0.898 0.853 0.767 0.688 
1 - Y-D stands for yielding of the cross-section of the column triggered by distortional buckling, S-FT stands for 
sway failure triggered by flexural-torsional buckling, S-DFT stands for pure sway failure triggered and S-D 
stands for sway failure triggered by distortional buckling. 
 
Table 6-19 – φs(β) - For an imposed-to-permanent nominal load ratio (Ln/Dn) of 3.0.  
PF 
Frame 
Failure 
Mode1 
Bias – 
Rm/Rn 
CoV System resistance factor - φs [-] 
[-] [-] [-] β=2.0 β=2.5 β=2.75 β=3.0 β=3.5 β=4.0 
PF1 Y-D 0.992 0.098 0.913 0.802 0.751 0.702 0.613 - PF1a 0.988 0.096 0.911 0.801 0.749 0.701 0.612 - 
PF2 S-FT 1.033 0.069 0.972 0.857 0.804 0.753 0.660 - PF2a 1.036 0.077 0.969 0.854 0.801 0.750 0.657 - 
PF3 S 0.997 0.073 0.935 0.825 0.773 0.724 0.635 - PF3a 1.010 0.074 0.947 0.835 0.783 0.733 0.643 - 
PF4 S-D 1.075 0.076 - 0.888 0.832 0.779 0.683 - PF4a 1.073 0.083 - 0.886 0.830 0.777 0.681 - 
  Average - 0.844 0.790 0.740 0.648 - 
  Minimum 0.911 0.801 0.749 0.701 0.612 <0.60 
  Maximum >1.00 0.888 0.832 0.779 0.683 <0.60 
1 – As above. 
 
Table 6-20 –Overall φs(β) – For  weighted frequencies of the ratio Ln/Dn. 
PF 
Frame 
System resistance factor - φs [-] 
β=2.5 β=2.75 β=3.0 β=3.5 
General 
CF 
 Portal 
CF 
General 
CF 
 Portal 
CF 
General 
CF 
 Portal 
CF 
General 
CF 
Portal 
CF 
PF1 0.811 0.839 0.761 0.795 0.713 0.753 0.625 0.673 
PF1a 0.809 0.838 0.760 0.794 0.712 0.752 0.624 0.672 
PF2 0.867 0.902 0.816 0.857 0.766 0.814 0.675 0.731 
PF2a 0.864 0.898 0.812 0.852 0.763 0.809 0.672 0.726 
PF3 0.834 0.867 0.784 0.824 0.737 0.782 0.681 0.729 
PF3a 0.845 0.878 0.794 0.834 0.746 0.791 0.657 0.711 
PF4 0.898 0.934 0.844 0.886 0.793 0.840 0.698 0.754 
PF4a 0.896 0.931 0.842 0.884 0.788 0.838 0.696 0.752 
Av 0.853 0.886 0.802 0.841 0.752 0.797 0.666 0.719 
Min 0.809 0.838 0.760 0.794 0.712 0.752 0.624 0.672 
Max 0.898 0.934 0.844 0.886 0.793 0.840 0.698 0.754 
 
The main results observed in Figures 6-27 to 6-36 and Tables 6-10 to 6-20 are summarised as 
follows, noticing that these results are valid for the nominal system strength as defined by Section 
5.2.3. 
- Representative portal frames return similar structural reliability results for both scenarios 
of coefficient of variation of initial stiffness (0.30 and 0.20) as per Section 5.2.2. 
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- Overall, an increase in the ratio of imposed-to-permanent nominal load (Ln/Dn) decreases 
the structural reliability index of CF portal frames for a given φs-factor. For low values of 
system reliability index and low values of imposed-to-permanent nominal load ratio, that 
trend may not be observed. 
- Figures 6-33 and 6-34 show that the structural reliability varies in ascending order from 
PF1 to PF3, PF2 and PF4 and thus, the system resistance factors required to achieve a 
certain system reliability index vary in descending order φs(PF1) <  φs(PF3) <  φs(PF2) < 
φs(PF4). 
- CF portal frames whose failure mode involves sway buckling (PF2, PF3 and PF4) present 
greater structural reliability indices than CF portal frames with a non-sway failure mode 
(PF1) for the same φs-factors. 
- For CF portal frames with a sway failure mode, greater structural reliability indices are 
obtained when the failure mode involves sway with yielding and distortional buckling (PF4) 
than when it involves sway with member buckling (PF2) or, to an even larger extent, pure 
sway buckling (PF3) for the same φs-factor. 
- Within the range of system reliability indices from 2.5 to 3.5 and using a weighted 
frequency formulation for general CF steel structures, the associated overall system 
resistance factors range from 0.624 to 0.898. If the used weighted frequency formulation 
is for CF steel portal frames only, the associated overall system resistance factors range 
from 0.672 to 0.934. 
- Considering the weighed frequency formulation for general CF steel structures: for a 
system reliability index of 2.5, the overall system resistance factor of all CF portal frames 
ranges from 0.809 to 0.898 with a mean of 0.853; for a system reliability index of 2.75, 
the overall system resistance factor of all CF portal frames ranges from 0.760 to 0.844 
with a mean of 0.802; for a system reliability index of 3.0, the overall system resistance 
factor of all CF portal frames ranges from 0.712 to 0.793 with a mean of 0.752 and, for a 
system reliability index of 3.5, the overall system resistance factor of all CF portal frames 
ranges from 0.624 to 0.698 with a mean of 0.666. 
- Considering the weighed frequency formulation for CF steel portal frames only: for a 
system reliability index of 2.5, the overall system resistance factor of all CF portal frames 
ranges from 0.838 to 0.934 with a mean of 0.886; for a system reliability index of 2.75, 
the overall system resistance factor of all CF portal frames ranges from 0.794 to 0.886 
with a mean of 0.841; for a system reliability index of 3.0, the overall system resistance 
factor of all CF portal frames ranges from 0.752 to 0.840 with a mean of 0.793 and, for a 
system reliability index of 3.5, the overall system resistance factor of all CF portal frames 
ranges from 0.672 to 0.754 with a mean of 0.719. 
- Similar reliability results are obtained by either using a lognormal or normal distribution to 
model the variable system strength. 
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6.4.3 Effect of model uncertainty 
 
In Section 3.9.2, the FE model developed earlier in Chapter 3 was used to try to reproduce the 
full-scale tests carried out by Zhang on CF steel portal frames. In order to obtain an estimate for 
model uncertainty, the observed failure loads are then compared with the corresponding numerical 
strength predictions.  
Considering that relevant information on the tests is not available, the agreement between 
numerical and test results is reasonably satisfactory albeit optimistic and does not represent the 
actual value of model uncertainty. Further validation and well-documented full-scale tests on CF 
steel portal frames are required to draw a more definitive conclusion. 
For that reason, no scenarios of modelling uncertainty of CF steel portal frames were considered in 
this doctoral thesis. 
 
6.4.4 Effect of nominal model: β-φs curves 
 
The previous reliability studies use the nominal strength model as defined in Chapter 3 and Section 
5.2.3 and the results obtained are valid for that nominal strength model only.  
Among other features, the nominal strength model requires the explicit modelling of frame and 
member geometric imperfections only (excludes sectional imperfections). 
Similar to the design of storage rack frames and for a matter of convenience, professional 
engineers may wish to avoid the direct modelling of the complex member imperfections. 
This section assesses the consequences in terms of structural reliability of three scenarios of 
modelling geometric imperfections: (i) Imo – standard nominal model where frame and member 
imperfections are explicitly modelled (excludes sectional imperfections), (ii) Ioo – nominal model 
where only frame imperfections are explicitly modelled (excludes member and sectional 
imperfections) and (iii) Ims - nominal model where frame, member and sectional imperfections are 
explicitly modelled.  
When sectional imperfections are modelled, distortional and local imperfections have an amplitude 
of 0.81 tn and 0.375 tn, respectively where tn stands for nominal thickness. 
Nominal FE models are built as per scenarios Ioo and Ims and new nominal system strengths are 
obtained. The values are displayed in Table 5-13. 
As per step (iv) of Section 6.4.1, new values of nominal system strength lead to new load statistics 
and, subsequently, new β-φs curves are derived with the results being presented in Figures 6-37 
and 6-38 and, Tables 6-21 and 6-22. 
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Figure 6-37 – Scenarios of nominal model: Plots β-φs for all frames with an imposed-to-permanent 
nominal load ratio of 1.0. 
 
 
Figure 6-38 – Scenarios of nominal model: Plots β-φs for all frames with an imposed-to-permanent 
nominal load ratio of 3.0. 
 
 
  
 
Table 6-21 – –Overall φs(β) – For  weighted frequencies of the ratio (Ln/Dn) in general CF structures. 
SR Frame System resistance factor - φs [-] 
β=2.5 β=2.75 β=3.0 β=3.5 
Nominal Imo Ioo Ims Imo Ioo Ims Imo Ioo Ims Imo Ioo Ims 
PF1 0.811 0.809 0.832 0.761 0.756 0.780 0.713 0.712 0.731 0.625 0.624 0.641 
PF2 0.867 0.835 0.883 0.816 0.785 0.830 0.766 0.737 0.780 0.675 0.650 0.688 
PF3 0.834 0.831 0.838 0.784 0.781 0.788 0.737 0.734 0.740 0.681 0.646 0.652 
PF4 0.898 0.868 0.909 0.844 0.816 0.854 0.793 0.766 0.802 0.698 0.674 0.706 
Av 0.853 0.836 0.866 0.801 0.785 0.813 0.752 0.737 0.763 0.670 0.649 0.672 
Min 0.811 0.809 0.832 0.761 0.756 0.780 0.713 0.712 0.731 0.625 0.624 0.641 
Max 0.898 0.868 0.909 0.844 0.816 0.854 0.793 0.766 0.802 0.698 0.674 0.706 
 
 
Table 6-22 – –Overall φs(β) – For  weighted frequencies of the ratio (Ln/Dn) in CF portal frames. 
SR Frame System resistance factor - φs [-] 
β=2.5 β=2.75 β=3.0 β=3.5 
Nominal Imo Ioo Ims Imo Ioo Ims Imo Ioo Ims Imo Ioo Ims 
PF1 0.839 0.837 0.860 0.795 0.793 0.815 0.753 0.751 0.771 0.673 0.672 0.690 
PF2 0.902 0.868 0.919 0.857 0.825 0.873 0.814 0.783 0.828 0.731 0.703 0.744 
PF3 0.867 0.864 0.872 0.824 0.820 0.828 0.782 0.778 0.785 0.729 0.699 0.705 
PF4 0.934 0.902 0.944 0.886 0.856 0.897 0.840 0.812 0.851 0.754 0.729 0.763 
Av 0.886 0.868 0.899 0.841 0.824 0.853 0.797 0.781 0.809 0.722 0.701 0.726 
Min 0.839 0.837 0.860 0.795 0.793 0.815 0.753 0.751 0.771 0.673 0.672 0.690 
Max 0.934 0.902 0.944 0.886 0.856 0.897 0.840 0.812 0.851 0.754 0.729 0.763 
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The main results observed in Figures 6-37 and 6-38 and Tables 6-21 and 6-22 are summarised as 
follows: 
- A nominal model in which member and sectional imperfections are not modelled – Ioo - 
leads to a considerable reduction of structural reliability of CF portal frames PF2 and PF4. 
The structural reliability of CF portal frames PF1 and PF3 remains nearly unchanged. 
- A nominal model where both member and sectional imperfections are modelled – Ims - 
leads to a considerable increase of structural reliability of CF portal frames PF1, PF2 and 
PF4. The structural reliability of PF3 remains nearly unchanged. 
- Considering the weighed frequency formulation for general CF steel structures: the 
adoption of the nominal model Ioo leads to a reduction of the range of system resistance 
factors (as an example, for a system reliability index of 2.75, the range of system 
resistance factors presents a reduction from 0.083 to 0.060) and a reduction of the mean 
system resistance factor (as an example, for a system reliability index of 2.75, the mean 
system resistance factor decreases from 0.801 to 0.785). 
- Considering the weighed frequency formulation for general CF steel structures: the 
adoption of nominal model Ims leads to a reduction of the range of system resistance 
factors (as an example, for a system reliability index of 2.75, the range of system 
resistance factors presents a reduction from 0.083 to 0.074) and an increase in the mean 
system resistance factor (as an example, for a system reliability index of 2.75, the mean 
system resistance factor increases from 0.801 to 0.813). 
- If a weighted frequency formulation for CF portal frames is employed the trend is similar in 
both cases. 
- Since the system resistance (φs) factors present the smallest range when nominal model 
Ioo is  considered (member imperfections and sectional imperfections are not modelled), it 
may seem that such nominal model represents a better option than the standard nominal 
model Imo or the nominal model Ims. However, it is important to recognise that such result 
is attained by modifying the undesired end of the interval, i.e., the range of φs-factors 
decreases by reducing the structural reliability (and thus, reducing the value of φs-factors) 
of the ‘more reliable’ frames PF2 and PF4 while keeping similar values of reliability (and 
thus, φs-factors) for the ‘less reliable’ frames PF1 and PF3. Consequently, Ioo is the nominal 
model that leads to lowest mean of the φs-factors. 
-  The nominal model Ims (member and sectional imperfections explicitly modelled) also 
decreases the range of system resistance factors but this time by increasing the structural 
reliability (and thus, increasing the φs-factor) of the ‘less reliable’ frame PF1. 
 
6.4.5 Discussion of results 
 
- A greater predominance of imposed load (CoV=0.25) leads to a greater variability of the 
total load and thus, a lower structural reliability is obtained by increasing the ratio of 
imposed-to-permanent nominal load (Ln/Dn). For low values of target system reliability 
index and imposed-to-permanent nominal load ratios (Ln/Dn) of 0.25 and 0.50, the mean-
to-nominal ratio of total load becomes greater than 1.0 (since mean-to-nominal permanent 
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load ratio is 1.05), which decreases the structural reliability and constitute an exception to 
the aforementioned trend. 
- CF portal frames with non-sway failure (PF1) present a lower structural reliability than CF 
portal frames with sway-failure (PF2, PF3 and PF4), since they present the lowest system 
strength bias (0.992(PF1)/0.988(PF1a)) and the higher coefficients of variation 
(0.098/0.096). 
- Among sway failures, CF portal frames whose failure involves yielding and distortional 
buckling (PF4) present larger system strength bias (1.075(PF4)/1.073(PF4a)) than frames 
whose failure involve member buckling (1.033(PF2)/1.036(PF2a)) and, to an even larger 
extent, frames failing in a pure sway mode (0.997(PF3)/1.010(PF3a)). Since the 
coefficients of variation are nearly the same, the structural reliability varies in the same 
way as the bias. 
- CF portal frames are less redundant than other CF structures like rack frames or hot-rolled 
multi-storey and multi-bay frames, and thus, they are expected to present lower system 
strength bias and consequently, lower structural reliabilities. On the other hand, CF portal 
frames are expected to present lower values of imposed load (associated with pitched 
roofs) and thus, lower values of imposed -to-permanent nominal load than general CF 
steel structures, which has a positive effect on the weighted structural reliability. 
- Unfortunately, to the author’s knowledge, there is only a single study [196] of frequencies 
of imposed-to-permanent nominal load (Ln/Dn) for general CF structures which, if applied, 
results in rather low system resistance factors. Based on engineering judgment, an 
estimation of (Ln/Dn) frequencies for CF pitched portal frames is suggested to the reliability 
studies and both results are presented. 
- It seems that for a system reliability index in the range of 2.5 to 3.5, CF steel portal 
frames may be categorised by failure mode in three categories of structural reliability: (i) 
CF portal frames with a non-sway failure – PF1, (ii) CF portal frames with an elastic sway 
failure - PF2 and PF3 - and (iii) CF portal frames with a sway failure with yielding and 
distortional buckling - PF4. For instance, based on weighted frequencies of CF portal 
frames, a system reliability index of 2.75 leads to system resistance factors of 0.795, 
0.840 and 0.885 for CF portal frames from categories (i), (ii) and (iii), respectively. If 
weighted frequencies of general CF structures are considered, a system reliability index of 
2.75 leads to system resistance factors of 0.760, 0.800 and 0.840 for CF portal frames 
from categories (i), (ii) and (iii), respectively. 
- The structural reliability trends of CF steel portal frames are noticeably different and lead 
to a relatively wide range of system resistance factors (for a certain system reliability 
index). Consequently and for the considered nominal model, it is not possible to achieve a 
uniform structural reliability if a single system resistance factor is used.  
- However, if such option is taken and for a system reliability index of 2.75, the overall 
system resistance factor presents a mean of 0.84 and 0.80 for CF portal frames weighted 
frequencies and general CF structures weighted frequencies, respectively. 
- Considering a nominal model where member and sectional imperfections are not explicitly 
modelled – Ioo - leads to lower values of system resistance factor and three distinct 
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categories: (i) non-sway failure (PF1), (ii) elastic sway failure (PF2 and PF3) and (iii) sway 
failure with yielding and distortional buckling (PF4). As an example, for a system reliability 
index of 2.75 and considering weighted frequencies of CF portal frames, the mean of the 
overall system resistance factor is 0.795 for category (i), 0.820 for category (ii), and 0.855 
for category (iii).  
- Considering a nominal model where member and sectional imperfections are explicitly 
modelled – Ims - leads to higher values of system resistance factor and two distinct 
categories: (i) non-sway failures and pure sway failures (PF1 and PF3), (ii) sway failures 
with member or sectional buckling (PF2 and PF4). As an example, for a system reliability 
index of 2.75 and considering weighted frequencies of CF portal frames,, the mean of the 
overall system resistance factor becomes 0.820 for category (i) and 0.885 for category (ii). 
- Similarly to the standard nominal model - Imo, the two alternative nominal model scenarios 
lead to distinct structural reliability behaviours and consequently, it becomes difficult to 
achieve uniform structural reliability with a single system resistance factor. 
 
6.5 COLD-FORMED (CF) STEEL PORTAL FRAMES UNDER GRAVITY AND WIND 
LOADS 
 
6.5.1 Methodology 
 
Due to the fact that gravity loads and wind loads act in different load patterns and directions, 
system strength presents two parts- strength under the action of gravity loads and strength under 
the action of a patterned wind load. Consequently, the methodology employed in the reliability 
study has to be reformulated. 
The methodology used to relate system resistance factors φs to system reliability indices β for cold-
formed (CF) steel portal frames under gravity and wind loads is outlined as follows: 
 
(i) Define the limit state function - The limit state function for CF portal frames under gravity and 
wind loads is expressed by equation 6-26. 
 g = R − D − L − W         [6-26] 
 
In which R is the nominal system strength (in terms of gravity load and wind load), D is the 
applied permanent load, L is the applied imposed load and W is the applied wind load. 
For pitched roofs, imposed load consists of roof imposed live load which is unlikely to be present in 
a scenario of high wind speeds that may potentially cause the structural collapse of the CF portal 
frame. Hence, variable L may be waived from equation 6-26. 
Variable R is decomposed into two terms - system strength against gravity loads RD and system 
strength against wind load RW – and incorporated in the limit state function as per equation 6-27. 
 g = R − D − W = RD + RW − D − W        [6-27] 
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(ii) Assume values of Dn – This methodology requires that different values of Dn are considered to 
then derive β-φs curves for different ratios of wind-to-permanent nominal loads. Three values are 
selected for each representative frame. 
 
(iii) Define the probabilistic model for the variable system strength (R) – In Chapter 5, Monte-
Carlo simulations were carried out where a certain gravity load is initially applied to the CF portal 
frame, followed by the reference patterned wind load proportionally applied until failure.  
Consequently, just prior to failure, the structural system presents a system strength equal to 
gravity load being carried (RD) plus a multiple of the reference patterned wind load (RW). 
Deliberately, the randomly generated gravity load applied to the CF portal frames uses the 
statistics of permanent load for the values obtained in step (ii) , such that: 
 RD ≡ D~Normal(µD = 1.05 ∙ Dn,σD = 0.10 ∙ 1.05 ∙ Dn)      [6-28] 
 
Which then simplifies the limit state function g to: 
 g = RD + RW − D − W = RW − W        [6-29] 
 
For each representative CF portal frame and value of Dn, statistics of the variable system strength 
in terms of wind load RW were derived including the mean and standard deviation presented in 
Table 5-14. 
Furthermore, the histograms presented in Figures 5-36 to 5-39 and the respective Kolmogorov-
Smirnov tests (goodness-of-fit test) indicate that lognormal distributions adequately fit the 
obtained system strength distributions. Hence, the lognormal distribution is adopted for the 
probabilistic model of the system strength RW. 
 RW~Lognormal(µRw,σRw)         [6-30] 
 
(iv) Define the probabilistic model for the variable wind load (W) – In Chapter 4, it is established 
that wind load follows a Extreme Type I distribution with a mean-to-nominal ratio (µW/Wn) of 0.60 
and a coefficient of variation of 0.46 
 W~Ext. Type I (µW = 0.6 ∙ Wn,σW = 0.46 ∙ 0.6 ∙ Wn)      [6-31] 
 
(v) Use the Load Scale Method (LSM) to obtain maximum nominal applied loads Wn for different 
values of φs – Load scale method (LSM) unfolds as follows. 
According to the Australian Standard AS1170.0 [276], the relevant load combination involving 
gravity and wind loads is given by equation 6-32: 
 
∑γi ∙ Qni = 1.2 (or 0.9 if favourable) ∙ Dn + Wn       [6-32] 
 
Substituing equation 6-32 into the system strength check of the design-by-analysis approach 
(given by equation 6-1), results in, 
 
ϕs ∙ Rn ≥ 1.2 (or 0.9) ∙ Dn + Wn        [6-33] 
 
For each representative CF portal frame and value of Dn, numerical failure analyses are performed 
in nominal FE models with gravity loads equal to 1.2 (or 0.9) x Dn/φs followed by the reference 
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patterned wind load proportionally applied until failure. Consequently, just prior to failure, the 
structural system presents a nominal system strength equal to gravity load being carried (RDn = 
1.2 (or 0.9) x Dn/φs) plus a multiple of the reference patterned wind load (RWn) as per equation 6-
34. 
 Rn = RDn + RWn = 1.2 (or 0.9)∙Dnϕs ∙ +RWn       [6-34] 
 
Merging equation 6-33 and equation 6-34 results in: 
 
ϕs ∙ Rn = ϕs ∙ �1.2(or 0.9)∙Dnϕs ∙ +RWn� ≥ 1.2 ∙ Dn + Wn ⟺ ϕs ∙ RWn ≥ Wn    [6-35] 
 
Which in the limit design case leads to: 
 Wn = ϕs ∙ RWn          [6-36] 
 
It should be noticed that Wn as given by equation 6-36 corresponds to the maximum value of 
nominal wind load allowed by the design-by-analysis strength check for a CF portal frame with a 
certain value of nominal gravity load and a system resistance factor φs. Values of system 
resistance factor φs ranging from 0.6 to 1.0 are then considered. The values of nominal system 
strength against wind load for the representative frames are presented in Appendix G. 
Consequently, the variable wind load W becomes, for each value of Dn and φs, statistically 
characterised by: 
 W~Ext. Type I (µW = 0.6 ∙ ϕs ∙ RWn,σW = 0.46 ∙ 0.6 ∙ ϕs ∙ RWn)     [6-37] 
 
(vi) Establish the relation between system resistance factor φs and system reliability index β - A 
direct Monte-Carlo procedure is used to obtain numerically an estimation of the probability of 
failure and system reliability index. 
The failure condition is given by: 
 g = RW − W < 0          [6-38] 
 
For each set of statistics for RW and W (function of φs), 14 000 000 random values are generated 
and the number of occurrences complying with the failure condition (N(g<0)) is determined. 
Probability of failure Pf and associated system reliability index β is then computed by equations 6-
39 and 6-40. 
 Pf = N(g<0)14000000 ⟹< 0         [6-39] 
 
β = −Φ−1�Pg�          [6-40] 
 
Where Φ-1 represents the inverse of the standard normal distribution function.  
In this study, a Matlab script was developed to automatically carry out step (vi) and the code is 
presented in Section C.7 of Appendix C. The statistical properties of random variables used 
correspond to the ones developed in (iii) and (v). 
 
(vii) Obtain β – φs curves for constant ratios of wind-to-permanent nominal load – Steps (i) to (vi) 
allowed for each CF representative frame to establish a set of points (φs, β) where φs is equal to 
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0.6, 0.7, 0.8, 0.9 or 1.0. However, Wn varies with the value of φs and thus, the ratio wind-to-
permanent nominal pressure Wn/Dn varies at each point. With the aim of obtaining β– φs curves for 
constant ratios of wind-to-permanent nominal load, linear interpolation within the same value of φs 
has to be used to determine system reliability indeces for practical values of Wn/Dn of 4.0, 5.0 and 
6.0. Subsequently and since it is preferred to determine system resistance factor for fixed values 
of system reliability index, linear interpolation is implemented between the adjacent (φs, β) points 
of the same curve. 
 
Once again, the methodology may be adapted for different load combinations and statistics by 
adapting step (iv) and obtain new β-φs curves. 
 
6.5.2 Results: β-φs curves 
 
For the representative CF portal frames considered in Chapter 5, Figures 6-39 to 6-42 show 
system reliability index β - system resistance factor φs curves whereas Tables 6-23 to 6-26 present 
system resistance factors φs for each value of system reliability index β and ratio of wind-to-
permanent nominal pressure (Wn/Dn). 
An overall system resistance factor φs is also determined for each frame by taking into account the 
frequency (wi) of the different Wn/Dn scenarios for CF steel portal frames as per equation 6-26. 
 
 
Figure 6-39 – Frame WF1– β-φs for different ratios of wind-to-permanent nominal pressure 
(Wn/Dn). 
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Figure 6-40 – Frame WF2– β-φs for different ratios of wind-to-permanent nominal pressure 
(Wn/Dn). 
 
 
Figure 6-41 – Frame WF3– β-φs for different ratios of wind-to-permanent nominal pressure 
(Wn/Dn). 
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Figure 6-42 – Frame WF4– β-φs for different ratios of wind-to-permanent nominal pressure 
(Wn/Dn). 
 
Table 6-23 – WF1: φs(β). 
Wn/Dn [-] 
Weight [%] φs [-] 
CF Portal frames1 β=2.0 β=2.25 β=2.5 β=2.75 β=3.0 β=3.5 
4.0 40 0.934 0.891 0.852 0.814 0.779 0.714 
5.0 40 0.919 0.877 0.839 0.801 0.771 0.710 
6.0 20 0.915 0.875 0.837 0.800 0.769 0.708 
Overall value for CF portal 
frames 0.924 0.882 0.844 0.806 0.774 0.711 
1 – Assumed frequencies for cold-formed steel portal frames.  
 
Table 6-24 – WF2: φs(β). 
Wn/Dn [-] 
Weight [%] φs [-] 
CF Portal frames1 β=2.0 β=2.25 β=2.5 β=2.75 β=3.0 β=3.5 
4.0 40 0.9492 0.9092 0.869 0.828 0.789 0.717 
5.0 40 0.9842 0.927 0.871 0.826 0.784 0.707 
6.0 20 0.965 0.910 0.863 0.817 0.777 0.703 
Overall value for CF portal 
frames 0.966 0.916 0.868 0.825 0.785 0.710 
1 – As above. 
2 – Extrapolated values. 
 
Table 6-25 – WF3: φs(β). 
Wn/Dn [-] 
Weight [%] φs [-] 
CF Portal frames1 β=2.0 β=2.25 β=2.5 β=2.75 β=3.0 β=3.5 
4.0 40 0.954 0.920 0.889 0.864 0.839 0.791 
5.0 40 0.953 0.918 0.888 0.862 0.836 0.789 
6.0 20 0.952 0.917 0.887 0.861 0.835 0.788 
Overall value for CF portal 
frames 0.953 0.919 0.888 0.863 0.837 0.789 
1 – As above. 
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Table 6-26 – WF4: φs(β). 
Wn/Dn [-] 
Weight [%] φs [-] 
CF Portal frames1 β=2.0 β=2.25 β=2.5 β=2.75 β=3.0 β=3.5 
4.0 40 0.993 0.939 0.887 0.840 0.795 0.715 
5.0 40 0.995 0.940 0.886 0.833 0.784 0.702 
6.0 20 0.989 0.928 0.883 0.816 0.771 0.705 
Overall value for CF portal 
frames 0.993 0.937 0.883 0.832 0.786 0.705 
1 – Assumed frequencies for cold-formed steel portal frames.  
 
Figure 6-43 and Table 6-27 compare the disparity of system resistance factor φs between the 
representative CF portal frames. 
 
 
Figure 6-43 – Plots β-φs for all frames with a wind-to-permanent nominal pressure ratio of 5.0. 
 
Table 6-27 –Overall φs(β) – For  weighted frequencies of the ratio (Wn/Dn). 
PF Frame System resistance factor - φs [-] 
β=2.0 β=2.25 β=2.5 β=2.75 β=3.0 β=3.5 
WF1 0.924 0.882 0.844 0.806 0.774 0.711 
WF2 0.966 0.916 0.868 0.825 0.785 0.710 
WF3 0.953 0.919 0.888 0.863 0.837 0.789 
WF4 0.993 0.937 0.883 0.832 0.786 0.705 
Average 0.959 0.914 0.871 0.832 0.796 0.729 
Minimum 0.924 0.882 0.844 0.806 0.774 0.705 
Maximum 0.993 0.937 0.888 0.863 0.837 0.789 
 
A summary of the main results observed in Figures 6-39 to 6-43 and Tables 6-23 to 6-27 follows. 
It is worthwhile to note that these results are valid for the nominal system strength as defined in 
Chapter 5. 
- Overall and within the considered range, wind-to-permanent nominal pressure does not 
affect significantly the structural reliability of CF portal frames. 
- Within the range of system reliability indices between 2.25 and 3.0, Figure 6-43 shows 
that structural reliability varies in ascending order from WF1 to WF2, WF4 and WF3 and 
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thus, the system resistance factors required to achieve a certain system reliability index 
vary in descending order φs(WF1) <  φs(WF2) <  φs(WF4) <  φs(WF3). 
- WF4 presents the highest structural reliability for system resistance factors between 0.90 
and 1.0 and the lowest structural reliability for system resistance factor below 0.62. 
- Within the range of system reliability indices from 2.0 to 3.5 and using a weighted 
frequency formulation for CF steel portal frames, the associated overall system resistance 
factors range from 0.705 to 0.993.  
- Considering the weighed frequency formulation for CF steel portal frames only: for a 
system reliability index of 2.25, the overall system resistance factor of all CF portal frames 
ranges from 0.882 to 0.937 with a mean of 0.914; for a system reliability index of 2.5, the 
overall system resistance factor of all CF portal frames ranges from 0.844 to 0.888 with a 
mean of 0.871; for a system reliability index of 2.75, the overall system resistance factor 
of all CF portal frames ranges from 0.806 to 0.863 with a mean of 0.832; for a system 
reliability index of 3.0, the overall system resistance factor of all CF portal frames ranges 
from 0.774 to 0.837 with a mean of 0.796 and, for a system reliability index of 3.5, the 
overall system resistance factor of all CF portal frames ranges from 0.705 to 0.789 with a 
mean of 0.729. 
 
6.5.3 Discussion of results 
 
- For the relevant ratios of wind-to-permanent nominal pressure, permanent load does not 
seem to have a large effect on the system strength and thus, structural reliability is not 
affected by the value of wind-to-permanent nominal pressure ratio. 
- System strength of WF3 presents the lowest value of bias of coefficient of variation, and 
hence displays the higher structural reliability of all analysed frames. 
- System strength of WF1 and WF3 present similar values of bias. However, the coefficient 
of variation of WF1 is higher than WF3 which leads to a greater structural reliability of the 
latter. 
- The structural reliability behaviour of WF4 is justified by a combination of high bias 
(favourable) and a high coefficient of variation (unfavourable).  
- It seems that within the a range of system reliability indices between 2.25 and 2.75, CF 
portal frames under combined gravity and wind load present a relatively uniform structural 
reliability. For a system reliability index of 2.25, the scatter of system resistance factors 
range from 0.882 to 0.937 with an average of 0.914; for a system reliability index of 2.5, 
the scatter of system resistance factors range from 0.844 to 0.888 with an average of 
0.871 and, for a system reliability index of 2.75, the scatter of system resistance factors 
range from 0.806 to 0.863 with an average of 0.832. 
- Hence, a single value of system resistance factor may be considered for all frames. 
- Notice should be made for the fact that the system resistance factors obtained for gravity 
plus wind loads are only slightly lower than for gravity loads only (whereas for the 
structural reliability of members in American codes, they are considerably lower for a 
certain target reliability index). The reasons behind it relate to the fact that the load model 
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adopted for Australian wind is more favourable than for American Wind, see Section 4.5.3 
and system failure modes associated with wind load cases (sway-type failures) are more 
forgiving than the ones associated with gravity loads only (sway and non-sway failures). 
 
A summary of the key findings of Chapter 6 may be found in Section 8.2. 
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7. DESIGN APPROACH AND EXAMPLES 
 
This chapter concerns the practical application of the developed system reliability-based criteria for 
designing cold-formed steel structures by advanced analysis.  
The aims are (i) to demonstrate the design procedure according to the new system-based 
methodology, (ii) to display the new focus on overall system behaviour and mode of failure in a 
performance-based context and (iii) to compare the outcome of a traditional component-based 
LRFD solution with the system-based counterpart. 
Two cold-formed (CF) steel structures – a storage rack frame and a CF portal frame – are selected 
and designed step-by-step according to the new system-based methodology. Nominal system 
strengths are obtained as per Chapter 3 and Australian Standards AS4084 [192] and AS4600 
[189] whereas nominal loads and load combinations are established as per Australian Standards 
AS4084 and Parts 0, 1 and 2 of AS1170 [276, 280, 284] . 
The system-based structural solution is then assessed in the context of performance-criteria 
design where failure modes associated with a non-full structural collapse of the system (for 
instance, beam failure) are preferred to failure modes associated with the full structural collapse of 
the system (for instance, sway failure).  
Finally, a traditional component-based LFRD solution is obtained for the same design problem and 
both solutions are economically and critically compared. 
 
7.1 STORAGE RACK FRAMES 
 
This section describes the design procedure as per developed system-based design-by-analysis 
approach.  
Once again, it is not the purpose of this doctoral thesis to assumethe role of the national entities in 
charge of steel specifications and define the target system reliability index for storage rack frames 
under gravity loads. However, since a target reliability index is required to proceed with the design 
example, it is assumed that system reliability index for storage rack frames under gravity loads is 
equal to 2.75. 
The design example consists of a selective rack frame with five bays and six storage levels. The 
storage requirements correspond to a maximum unit load of 800 kg per beam and a unit load 
height and width clearance of 1800 mm and 2300 mm, respectively. The minimum distance from 
ground level to first beam level is 300 mm. 
Handling equipment of unit loads consists of a manually operated forklift guided by operator 
(tolerance grade I), which allows for a maximum out-of-plumb angle in the down-aisle direction of 
1/500 rads. The unit load is assumed to be not weighted before being placed on the rack frame. 
 
7.1.1 System-based design-by-analysis approach 
 
The step-by-step description of the system-based design-by-analysis approach is as follows: 
(i) Preliminary design – The preliminary design of the rack frame may be based on previous 
experience and/or simple hand-analysis calculations.  
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Considering the experience acquired in this study, the cross-section adopted for the uprights is a 
hat-section 110 mm wide, 83 mm deep and 1.2 mm thick whereas the cross-section adopted for 
the beams is a double channel section spot-welded at top and bottom 25.6 (x2) mm wide, 110 
mm deep and 1.2 mm thick. Virgin steel with a yield stress of 300 MPa is specified. 
For the geometry of connecting members and a standard welded 3-tang beam-end connector, 
cantilever tests return semi-rigid parameters – M1, M2, θ1 and θ2 – as 1.236 kNm, 1.552 kNm, 
0.039 rad and 0.070 rad, respectively, where M1, M2, θ1 and θ2 are defined in Figure 4-6. In the 
down-aisle direction, the rack frame is unbraced whereas in the cross-aisle direction, bracing 
points with a spacing of 1150 mm are considered. 
This system corresponds to iteration 1. 
(ii) Defining the system strength check – Define the terms of equation 6-1. 
According to the Australian Standard AS4084, the relevant load combination for unweighted 
unit/pallet load is 1.3 Dn + 1.4 Ln.  
For a target reliability index of 2.75 under gravity loads, the system resistance factor takes the 
value of 0.9 and equation 6-1 becomes: 
 0.9 ∙ Rn ≥ 1.3 ∙ Dn + 1.4 ∙ Ln ⟺ Rn ≥ 1.30.9 ∙ Dn + 1.40.9 ∙ Ln      [7-1] 
 
(iii) Perform advanced analysis and verify system strength – Create a finite element (FE) model 
according to AS4084 and guidelines provided in Chapter 3 and carry out the advanced analysis.  
The FE model of the rack frame is built and a two-step analysis is performed. In the first step, self-
weight is applied to the structure considering a steel weight density of (1.3/0.90) x 77 kN/m3 to 
which follows a Riks analysis for a reference load with the same pattern as unit/pallet load such 
that at failure, the nominal system strength is given by equation 7-2: 
 Rn = RDn + RLn = 1.30.9 ∙ Dn + RLn        [7-2]  
 
Thus, the system strength check simplifies to: 
 RLn ≥ 1.40.9 ∙ Ln = 1244.4 kg         [7-3] 
 
After an analysis is performed for the rack considered in iteration 1, nominal system strength (in 
terms of patterned unit/pallet load - RLn) equals 1216 kg and thus, does not satisfy the system 
strength check. The rack frame fails in a sway-mode triggered by distortional and flexural-torsional 
buckling of the uprights. 
One of the great advantages of this approach is that by the end of each analysis-iteration, 
structural engineers immediately know if the system satisfies the safety check and, through the 
failure mode, where the strength of the system shall be increased. In this case, the uprights. 
Iteration 2 is similar to iteration 1 except for the thicker uprights (1.5 mm) and thinner beams 
(1.0 mm). Nominal system strength (in terms of patterned unit/pallet load) is now equal to 1282 
kg and thus, complies with the system strength check given by equation 7-3. The rack frame fails 
in a sway-mode triggered by distortional and flexural-torsional buckling of the uprights.  
 
(iv) Optional: Assess the rack frame in the context of performance-criteria design – A sway failure 
is associated with the full-collapse of the rack frame, which constitutes an undesirable mode of 
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collapse. The structural engineer may study alternative solutions in which the failure mode is less 
penalising. 
For this configuration of rack frame, a design solution may be sought in which beam failure occurs 
prior to sway-failure i.e., a design solution where beams assume the role of system fuse prior to a 
more catastrophic failure mode. 
The new solution is similar to iteration 2 except for the thicker uprights (2.2 mm) and thinner 
beams (0.6 mm). The rack frame fails now by the formation of spatial plastic hinges in the beam 
for a nominal system strength (in terms of patterned unit/pallet load) of 1247 kg which complies 
with the system strength check given by equation 7-3. 
 
7.1.2 Traditional component-based LRFD approach 
 
The traditional component-based LRFD approach entails two distinct stages: analysis and design. 
In the first stage and for a certain preliminary design solution, a non-linear analysis is carried out 
to obtain the internal actions in each component. In the second stage, nominal member capacities 
as given by multiple strength equations to a steel specification are compared to the internal 
actions obtained in the first stage. The process is iterative with both stages being repeated.  
In this study, software package CSI SAP2000 and Australian Standard AS4084 were used. Detail 
on the analysis and design are provided in Appendix H. 
The design solution is similar to the solution in section 7.1.1 but with thicker uprights (1.9 mm) 
and thinner beams (0.9 mm). 
If an advanced analysis is performed for the design solution obtained from the traditional 
approach, a system strength of 1410 kg/beam is obtained which compares with the required 1244 
kg/beam. 
 
7.1.3 Comparison of economics of design solutions 
 
Table 7-1 summarises the amount of steel of each solution while Figure 7-1 summarises the 
design process according to each approach. 
 
Table 7-1 – Total steel mass of each rack frame solution. 
ID Solution Thickness of the 
uprights [mm] 
Thickness of the 
beams [mm] 
Steel quantity 
[kg] 
System-based approach 1.5 1.0 412.2 
Performance-criteria approach 2.2 0.6 432.7 
Traditional component-based 
approach 
1.9 0.9 438.1 
 
Table 7-1 shows a 6% reduction in the amount of steel when the rack frame is designed according 
to the system-based approach. Further, the duration of the system-based design process is 
typically shorter than the duration of the traditional component-based approach. 
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Figure 7-1 – Step-by-step methodology of traditional and design-by-analysis approaches. 
 
7.2 COLD-FORMED (CF) STEEL PORTAL FRAMES 
 
This section describes the design procedure as per the developed system-based design-by-analysis 
approach.  
Once again, it is not the purpose of this doctoral thesis to assume the role of the national entities 
in charge of steel specifications and define the target system reliability index for CF portal frames 
under gravity loads only and combined gravity and wind loads. However, since a target reliability 
index is required to proceed with the design example, it is assumed that system reliability index 
equals 2.75 under gravity loads only and 2.5 under combined gravity and wind loads. 
The design example consists of a single-bay portal frame with a pitched roof. The span equals 
14000 mm, the minimum clear height equals 4800 mm and the slope of the roof is equal to 16.7o. 
Permanent load includes the self-weight of the structure (including purlins, bracing and steel 
sheating) and insulation and may be taken as 0.30 kPa. Roof live load is taken as 0.25 kPa as per 
Australian Standard AS1170.1 [284]. 
Wind load is obtained as per Australian Standard AS1170.2 [280] and the worst case scenario 
corresponds to a wind pattern as per Figure 5-22 and a resultant wind pressure of 1.25 kPa. 
 
7.2.1 System-based design-by-analysis approach 
 
The step-by-step description of the system-based design-by-analysis approach is as follows: 
(i) Preliminary design – The preliminary design of the CF portal frame may be based on previous 
experience and/or simple hand-analysis calculations.  
Considering the experience acquired in this study, the cross-section adopted for the column is 
composed of 1.2 mm thick back-to-back lipped channels, each featuring a 254 mm deep web, 76 
mm wide flanges and 21 mm deep lips. The cross-section adopted for the rafters is composed of 
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2.0 mm thick back-to-back lipped channels, each featuring 302 mm deep web, 94 mm wide 
flanges and 25 mm deep lips. Purlins and girts are spaced 700 mm and 800 mm respectively, and 
provide out-of-plane displacement and twist point restraints to the members. The spacing between 
portal frames is taken as 5000 mm. 
Virgin steel with a yield stress of 500 MPa is specified. 
The connections are bolted such that component tests return the semi-rigid parameters as per 
Table 7-2. 
 
Table 7-2 – Assumed semi-rigid parameters of joints. 
 Eave Apex Column-Base 
M1 [kNm] 76 68 60 
M2 [kNm] 92 96 100 
K1 [kNm/rad] 4800 10500 6000 
K2 [kNm/rad] 300 1125 450 
 
This system corresponds to iteration 1. 
(ii) Defining the system strength checks – Define the terms of equation 6-1. 
According to the Australian Standard AS1170.0, the relevant load combination for gravity loads is 
1.2 Dn + 1.5 Ln whereas for combined gravity and wind loads is 1.2 Dn + Wn. 
For a target reliability index of 2.75 under gravity loads and 2.5 under combined gravity and wind 
loads, the system resistance factor takes the value of 0.85 and equation 6-1 becomes: 
 0.85 ∙ Rn ≥ 1.2 ∙ Dn + 1.5 ∙ Ln ⟺ Rn ≥ 1.20.85 ∙ Dn + 1.50.85 ∙ Ln     [7-4] 
 0.85 ∙ Rn ≥ 1.2 ∙ Dn + Wn ⟺ Rn ≥ 1.20.85 ∙ Dn + 1.00.85 ∙ Wn      [7-5] 
 
(iii) Perform advanced analysis and verify system strength – Create a finite element (FE) model 
according to AS4600 and guidelines provided in Chapter 3 and carry out the advanced analysis.  
Under gravity loads, a Riks analysis is performed for a reference distributed load applied on the 
rafters. The system strength check in equation 7-4 results in: 
 Rn ≥ 1.20.85 ∙ Dn + 1.50.85 ∙ Ln= 1.20.85 ∙ (0.3 × 5) + 1.50.85 ∙ (0.25 × 5) = 4.32 kN/m    [7-6] 
 
Under combined gravity and wind loads, a two step analysis is performed. In the first step, 
permanent distributed load with a magnitude of (1.2/0.85) x (5 x 0.3) kN/m is applied to the 
rafters. In the second step, a Riks analysis for a reference load with the same pattern as the wind 
load shown in Figure 5-22 is carried out such that at failure, the nominal system strength is given 
by equation 7-7: 
 Rn = RDn + RWn = 1.20.85 ∙ Dn + RWn        [7-7]  
 
Thus, the system strength check in equation 7-5 simplifies to: 
 RWn ≥ 1.00.85 ∙ Wn = 1.00.85 ∙ (1.25 × 5) = 7.35 kN/m      [7-8] 
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For the CF portal frame considered in iteration 1, the nominal system strength equals 3.47 kN/m 
(in terms of gravity load) and 5.86 kN/m (in terms of combined gravity and wind loads). Hence, it 
does not satisfy the system strength checks as per equations 7-6 and 7-8. The CF portal frame 
fails in a sway-mode triggered by distortional buckling of the columns under combined gravity and 
wind loads. 
Iteration 2 is similar to iteration 1 except for the use of thicker columns (2.0 mm) and thinner 
rafters (1.9 mm).The nominal system strength equals 5.96 kN/m (in terms of gravity load) and 
7.38 kN/m (in terms of combined gravity and wind loads) and therefore, CF portal frame satisfies 
the system strength requirements as per equations 7-6 and 7-8. The CF portal frame fails in a 
sway-mode triggered by distortional buckling of the columns under combined gravity and wind 
loads. 
 
7.2.2 Traditional component-based LRFD approach 
 
The traditional component-based LRFD approach is described on Section 7.1.2. In this study, 
software package CSI SAP2000 was used for structural analyses whereas Australian Standard 
AS4600 was used for strength verifications. Detail on the analysis and design are provided in 
Appendix H. 
The design solution is similar to the solution in section 7.2.1 but provides thicker columns (2.6mm) 
and thicker rafters (2.0 mm). 
If an advanced analysis is performed for the design solution obtained from the traditional 
approach, system strengths of 8.45 kN/m (for gravity loads only) and 11.8 kN/m (for gravity and 
wind loads). These values compare with the required 4.32 kN/m (for gravity loads only) and 7.35 
kN/m(for gravity and wind loads). 
 
7.2.3 Comparison of economics of design solutions 
 
Table 7-3 summarises the amount of steel of each solution. 
 
Table 7-3 – Total steel weight of each CF portal frame solution. 
ID Solution Thickness of the 
columns [mm] 
Thickness of the 
rafters [mm] 
Steel quantity 
[kg] 
System-based approach 1.6 1.9 341.55 
Traditional component-based 
approach 
2.6 2.0 420.94 
 
Table 7-3 shows a 18% reduction in the amount of steel when the CF portal frame is designed 
according to the system-based approach. The value is consistent with the results obtained by 
Ziemian[104]. Further, the duration of the system-based design process is typically shorter than 
the duration of the traditional component-based approach. 
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8. CONCLUSIONS 
 
8.1 SUMMARY 
 
One of the current trends in structural engineering research is to establish provisions that allow 
the design of structures by advanced analysis without recourse to component strength equations 
in a structural design standard.  
This doctoral thesis contributes to this research by developing the underpinning structural analysis 
and reliability studies that will enable the implementation of the next generation of system-based 
design-by-analysis provisions for cold-formed steel specifications. 
The study began by developing and validating finite element models for steel storage rack frames 
and cold-formed steel portal frames suitable for the design by advanced analysis. Representative 
frames were then selected and a Monte-Carlo technique was used to generate series of frames 
with randomly modelled geometric and material parameters. The geometric and material 
parameters included yield stress, Young’s modulus, fabrication tolerance, semi-rigid behaviour of 
joints, and frame, member and section geometric imperfections. Subsequently, numerical failure 
analyses were performed and statistics for system strength were derived. 
Finally, reliability studies were carried out for frames under gravity loads only and combined 
gravity and wind loads, and system resistance factors were obtained for different system reliability 
indices. Two design examples complement the results obtained in the previous sections. 
This doctoral thesis showed that shell element-based analysis can predict the behaviour and 
ultimate capacity of cold-formed steel structures provided that non-linear material properties, 
second order effects, joint stiffness and geometric imperfections are included in the analysis. This 
type of analysis is called advanced analysis. Two simple and yet accurate finite element models 
were developed for rack frames and cold-formed steel portal frames and it demonstrates that this 
type of analysis is now an available tool for the design of cold-formed structures. 
By taking into account the variability of the random variables affecting the system strength, 
system strength distributions and statistics are obtained for a given nominal model/configuration 
and it is shown that these distributions depend on the failure mode, i.e., they depend on the 
weight that each random variable has on the system strength associated with the failure mode. 
The reliability analysis demonstrates that cold-formed steel structures may be grouped in 
categories of similar system structural reliability behaviour. These categories depend to a greater 
extent of the type of loading acting on the structure and to a lesser extent of the failure mode of 
the structure. Within the context of LRFD type of design, system resistance factors for each 
reliability category are derived to different values of the system reliability index. 
The system reliability-based criteria for designing cold-formed steel structures by advanced 
analysis leads to a more uniform reliability and economical benefits, and promotes a more holistic 
design approach based on system performance.  The results here presented may now be used by 
the national entity responsible of steel standards to incorporate the system-based design-by-
analysis approach in cold-formed steel specifications. 
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8.2 SPECIFIC CONCLUSIONS 
 
Subsequent paragraphs detail the specific conclusions of each chapter of this doctoral thesis. 
 
A comprehensive literature review on the topic of cold-formed steel, advanced analysis and 
reliability analysis is provided in Chapter 2. The topics covered include: 
(i) Advantages and disadvantages of cold-formed steel and its range of applications either as a 
component or as a system; 
(ii) Main parameters affecting cold-formed steel structures which include sectional, member and 
sway instability, and susceptibility to the semi-rigid stiffness of joints and geometric imperfections; 
(iii) Advanced analysis and its ability to accurately reproduce the behaviour of a structural system 
until failure; 
(iv) Structural modelling of cold-formed steel assemblies; 
(v) Monte-Carlo techniques, First-order reliability method (FORM) and reliability analysis for steel 
structures. 
 
Finite element (FE) models and advanced analysis of storage rack frames and cold-formed steel 
portal frames are developed and validated in Chapter 3. The key findings are summarised as 
follows: 
(i) Shell element-based advanced analysis can accurately predict the behaviour and ultimate 
capacity of cold-formed steel structures provided non-linear material properties, joint stiffness and 
geometric imperfections are incorporated in the analysis; 
(ii) A bi-linear stress-strain curve is sufficient to model the mechanical behaviour of cold-formed 
steel since common failure modes are not strongly dependent on the post-elastic behaviour of the 
material; 
(iii) In the context of system behaviour and strength, agreement was achieved between the results 
of full-scale tests and numerical models where neither residual stresses or corner strength 
enhancement were modelled. Thus, the conclusion may be drawn that the unfavourable effect of 
residual stresses is offset by the favourable effect of corner enhancement and thus, modelling of 
both features is not required; 
(iv) A methodology was established to incorporate explicitly sectional, member and frame 
geometric imperfections in the analysis of cold-formed steel structures; 
(v) Joint modelling schemes were built in which the semi-rigid behaviour of the whole connection 
is represented by a single moment-rotation curve; 
(vi) The current range of component tests for connections of storage rack frames is unable to 
reproduce the actual behaviour of the connection at a system level. A methodology was developed 
where moment-rotation curves, as obtained from cantilever tests, are scaled to the initial 
rotational stiffness observed during portal frame tests and then added to the FE model. The results 
display a reasonably good agreement with actual rack frame behaviour; 
(vii) The developed FE models are simple and comprehensive without compromising accuracy and 
hence, they may be adopted for advanced analysis of cold-formed steel structures by qualified 
practicing engineers. 
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Probabilistic models for the geometric and material parameters affecting system strength and 
loads are developed in Chapter 4. The key findings are summarised as follows: 
(i) Several published data present statistics for the material properties of virgin and cold-formed 
steel (yield stress, Young’s modulus, ultimate stress and ultimate elongation) and may be directly 
incorporated; 
(ii) A study on the statistical variation of cross-sectional dimensions, and section and member 
imperfections of cold-formed steel members was performed. Published measurements from 1980 
to 2013 were considered and the main statistical properties were derived. 
(iii) There is a lack of published data on frame imperfections for cold-formed steel frames. Results 
from comparable structures were collected and statistical properties were extrapolated. 
(iv) Additionally, there is a lack of published data on the semi-rigid behaviour of cold-formed steel 
connections. However, the Centre for Advanced Structural Engineering at The University of Sydney 
holds, a rich database of moment-rotation curves as obtained from multiple cantilever tests where 
it is shown that bi-linear relations may be employed to represent the observed semi-rigid 
behaviour. This database was analysed and the variability of the semi-rigid behaviour of rack 
connections was derived. Statistics for the semi-rigid behaviour of connections in cold-formed steel 
portal frames were extrapolated from the few available component tests and comparable 
connections; 
(v) Probabilistic load models for permanent and wind loads were obtained from the literature. For 
roof live load and unit/pallet load there is no available data, so statistical properties were 
estimated based on comparable imposed loads and engineering judgement. 
 
In Chapter 5, the effect of geometric and material randomness on the system strength of rack 
frames and cold-formed steel portal frames is assessed. The key findings are summarised as 
follows: 
(i) For storage rack frames under gravity loads and nominal models as per Australian Standard 
AS4084: 
(i.i) Geometric and material parameters weigh differently on the system strength of rack frames 
according to the failure mode; 
(i.ii) Bias or mean-to-nominal strength (Rm/Rn) ratios are relatively consistent and range from 
1.044 to 1.072. Braced rack frames present slightly less bias than unbraced rack frames; 
(i.iii) Coefficients of variation of system strength range from 0.055 to 0.095. Unbraced rack frames 
present smaller coefficients of variation than braced rack frames, and racks composed by thinner 
uprights display slightly higher coefficients of variation than rack frames composed by thicker 
uprights; 
(i.iv) The damage scenarios allowed by Australian Standard AS4084 are quite penalising for 
system strength, especially for failure modes associated with the failure of the uprights. 
(ii) For cold-formed steel portal frames under gravity loads only, and combined gravity and wind 
loads with the nominal models defined in Chapter 3: 
(ii.i) Geometric and material parameters affect differently the system strength of CF portal frames 
according to the failure mode; 
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(ii.ii) Bias or mean-to-nominal strength (Rm/Rn) ratios range from 0.99 to 1.08. A bias of around 
1.0 shows that, for certain failure modes, the effect of the optimistic assumptions (no sectional 
imperfections) of the nominal model counterbalances the effect of the conservative assumptions 
(yield stress and frame and member imperfections). 
(ii.iii) Coefficients of variation of system strength range from 0.07 to 0.10. CF portal frames 
composed of members with slender cross-sections present greater coefficients of variation than CF 
portal frames composed of members with stockier cross-sections. 
 
In Chapter 6, reliability analyses are performed in accordance with the defined design-by-analysis 
strength check and nominal models as per Australian Standards AS4084 and AS4600, and system 
resistance factors are derived for different target reliability indices. The key findings are 
summarised as follows: 
(i) For storage rack frames under gravity loads only: 
(i.i) Within the range of acceptable system reliability indices, a relatively uniform reliability index 
can be obtained if a single system resistance factor is assigned to all rack frames. For instance, for 
a target reliability index of 2.75, the scatter of system resistance factors is of only 0.064 with a 
mean of approximately 0.90; 
(i.ii) Naturally, an even greater uniformity is obtained if rack frames are categorised in three 
groups: A - rack frames with a sway-failure mode, B - braced rack frames and C - rack frames 
failing by the formation of plastic hinges at the beams. For instance, for a target reliability index of 
2.75, system resistance factors are 0.92, 0.88 and 0.89 for racks in groups A, B and C, 
respectively; 
(i.iii) Similar reliabilities are achieved regardless of the method of loading of the rack (unweighted 
or weighted); 
(i.iv) Damage scenarios allowed by Australian Standard AS4084 cause a significant drop of 
structural reliability of rack frames and such clauses should be reviewed; 
(i.v) For the nominal model developed in Chapter 3 in accordance with Australian Standard 
AS4084, the consideration of modelling uncertainty enhances the structural reliability of the 
analysed rack frames; 
(i.vi) The price of not including sectional and member imperfections in the nominal model is a less 
uniform reliability – range of φs-factors is wider for a given target reliability index - and thus, a 
need to definitely consider several categories of rack frames with corresponding system resistance 
factors; 
(i.vii) For the studies rack frames, including member and sectional imperfections, or only member 
imperfections return similar reliability results. 
(ii) For cold-formed (CF) steel portal frames under gravity loads only: 
(ii.i) Greater ratios of imposed-to permanent load (Ln/Dn) imply a greater variability of the total 
load and thus, lead to a lower structural reliability for a given φs-factor; 
(ii.ii) Within the range of sensible system reliability indices, structural reliability is less uniform 
than in the case of rack frames; 
(ii.iii) In terms of structural reliability, CF steel portal frames are categorised in three groups: A - 
CF portal frames with a non-sway failure, B - CF portal frames with an elastic sway failure and C - 
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CF portal frames with a sway failure with yielding and distortional buckling. For example, with a 
target reliability index of 2.75 and based on weighed Ln/Dn frequencies of CF portal frames, system 
resistance factors are 0.80, 0.84 and 0.89 for racks in groups A, B and C, respectively; 
(ii.iv) Considering an alternative nominal model where member and sectional imperfections are 
explicitly modelled leads to higher values of system resistance factors and reduces the number of 
reliability categories to two. Conversely, an alternative nominal model where neither member or 
sectional imperfections are explicitly modelled leads to lower values of system resistance factors 
and three distinct categories of structural reliability. 
(iii) For cold-formed (CF) steel portal frames under combined gravity and wind loads: 
(iii.i)For the relevant ratios of wind-to-permanent nominal pressure (Wn/Dn), permanent load does 
not seem to have a large effect on the system strength and thus, structural reliability is not 
significantly affected by the value of wind-to-permanent nominal pressure ratio. 
(iii.ii) Within the range of acceptable system reliability indices, a relatively uniform reliability index 
can be obtained if a single system resistance factor is assigned to all CF steel portal frames under 
combined gravity and wind load. For instance, for a target reliability index of 2.50, the interval of 
system resistance factors is of only 0.044 with a mean of approximately 0.87; 
 
Two design examples according to the new methodology are detailed in Chapter 7. The key 
findings are summarised as follows: 
(i) System-based design-by-analysis is of straightforward application and encourages professional 
engineers to focus on the failure mode of the overall system; 
(ii) Economical solutions are obtained by explicitly taking into account the system effects. 
 
8.3 RECOMMENDATIONS FOR FUTURE RESEARCH 
 
The following recommendations for future work are made: 
 
i) The scope of this doctoral thesis is cold-formed (CF) steel structures, in particular, storage rack 
frames and CF steel portal frames. Other main groups of CF steel structures, such as CF multi-
storey frames and CF trussed structures were not investigated and hence, subsequent work should 
verify if the results obtained in this doctoral thesis remain valid for such groups. 
(ii) Although the presented advanced analysis takes into account the semi-rigid behaviour of 
joints, failure of the joints was deliberately avoided. Further research should consider possible 
failure of joints and determine associated system resistance factors. 
(iii) The available data for the randomness of the semi-rigid behaviour of CF connections should be 
expanded and statistics should be derived. 
(iv) Within the framework developed in this thesis, structural reliability of serviceability limit states 
should be assessed. 
(v) Load combinations involving snow and earthquake actions should be considered in subsequent 
studies. 
(vi) Advanced analysis models of cold-formed steel assemblies would benefit from further 
validation with well-documented full-scale tests. 
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(vii) The inclusion of the effect of secondary structural elements in the reliability analysis of the 
system may lead to higher system resistance factors with obvious economical gains. Subsequent 
studies should consider expanding the presented results to take into account that effect. 
(viii) The system reliability-based criteria shall be expanded to other areas of the world by 
incorporating load statistics each specific location. 
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APPENDIX A – RESEARCH REPORT R933: THE BEHAVIOUR AND 
DESIGN OF CONCENTRICALLY LOADED T-SECTION STEEL 
COLUMNS 
 
This research report concerns a nine-month research project carried out at the beginning of the 
doctoral programme under the topic ‘The behaviour and design of concentrically loaded T-section 
steel columns’. 
The motivation of the project consisted in providing a practical-oriented opportunity for the author 
to: (i) learn how to use the finite element package Abaqus, (ii) obtain an early contact with 
structural modelling and, buckling and failure analyses of T-section members (which present 
similar behaviour to typical cold-formed members) and (iii) obtain an early contact with Australian, 
American and European steel standards. Simultaneously, the research project contributes to a 
better understanding of the behaviour of T-section members, assesses the current standard 
provisions on the strength of T-section members, proposes modifications to enhance such clauses 
and constituted the basis for a few scientific papers and reports. 
This appendix reproduces the content of the following document: 
 
F. Sena Cardoso, K.J.R. Rasmussen, Research Report No. 933 - The behaviour and design of 
concentrically loaded T-section steel columns, in, School of Civil Engineering, The University of 
Sydney, Sydney, Australia, 2013. 
 
ABSTRACT 
 
The buckling behaviour of T-section columns is discussed in detail followed by a numerical study 
using geometric and material (GMNIA) analysis to produce column strengths for a wide range of 
geometries of T-sections and column lengths. The T-sections are assumed to be hot-rolled and 
include residual stresses and geometric imperfections typical of hot-rolled sections. Based on the 
numerical strengths thus produced and available test strengths for T-section columns, the design 
provisions of the Australian, European and American Specifications for hot-rolled steel structures 
are evaluated. It is shown that while the Australian Standard provides fairly consistent and 
accurate predictions of strength, the design provisions for T-sections of current European and 
American Specifications are conservative and associated with large variability, particularly for T-
sections with slender elements. The paper recommends modifications to the European and 
American specifications which improve the design strength predictions of these specifications for T-
section columns. 
 
KEYWORDS 
 
Columns; Buckling; Design; Finite Element Method; T-sections; Steel structures; Numerical 
models. 
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A.1 INTRODUCTION 
 
This paper concerns hot-rolled T-section members and their failure behaviour under concentrically 
applied compression load. Despite the fact that T-sections are readily available commercially and 
can be easily obtained by cutting standard I-sections through the middle of the web, the failure 
behaviour of these members when subjected to a compressive force is still not fully understood as 
corroborated by the numerous different design approaches for these members in various national 
specifications for steel structures. 
 
T-sections pertain to the particular class of sections for which the mid-lines of all component walls 
intersect at one single point. For these sections, the warping constant (Iw) is negligible, derived 
only from secondary warping. In addition to T-sections, this class of sections includes equal and 
unequal leg angles as well as cruciforms. Collectively, the sections are weak in torsion, particularly 
for sections with small thickness because of the resulting small torsion constant (J). Consequently, 
when subjected to compression (or bending), the failure mode commonly involves torsion.  
 
T-sections are singly symmetric and hence, the critical overall buckling modes in compression are 
the flexural buckling mode in the plane of symmetry and the flexural torsional buckling mode, as 
shown in Figs 1a and 1b respectively. At short and intermediate column lengths, the critical overall 
buckling mode is the flexural-torsional mode which, at intermediate and long lengths (Fig. 1b), 
may change to the minor axis flexural mode (Fig. 1a). The flexural-torsional mode consists of 
coupled flexure about the axis of symmetry (Fig. 1c) and torsion about the shear centre (Fig. 1d). 
At short lengths, torsion dominates the flexural-torsional mode and in the limit where the length 
approaches zero, the flexural-torsional mode becomes the torsional mode. 
 
Furthermore, when the flange and web elements are equal in width and thickness, the local 
buckling mode, as obtained by solving the St Venant plate buckling equation, is essentially the 
same as the torsional buckling mode for practical lengths of members. In fact, as shown in 
Rasmussen (Rasmussen 2003), in the limit where the local buckling half-wavelength approaches 
infinity, the buckling mode is linear across the elements and the local buckling stress is exactly 
identical to the torsional buckling stress. When the thicknesses of the flanges and web differ, or for 
very slender component plates, the local buckling mode may involve plate flexure, as exemplified 
in Fig. 1e for the case of a slender web element. 
 
Because of the resemblance between the torsional and local buckling modes, care needs to be 
taken when designing T-, angle and cruciform sections. As discussed in Rasmussen (Rasmussen 
2005), simply supported slender equal angle sections may be designed by ignoring the torsional 
buckling mode in calculating the global buckling mode while accounting for torsional buckling 
through the effective area calculation. The advantage of this approach is that it accounts for post-
local buckling capacity. The same approach is applied to T-, angle and cruciform sections in the 
Australian Standard for Steel Structures (AS4100 1998). Conversely, Eurocode3 Part 1.1 (EN1993-
1-1 2005) requires the global buckling check to consider torsional buckling while also local 
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buckling to be considered through an effective area calculation. As shown in this paper, the 
Eurocode3 procedure leads to conservative strength predictions for T-section columns as it 
accounts for torsional (local) buckling twice: through the member provisions and through the 
effective width provisions. Alternative formulations have been presented for equal angles (Dinis, 
Camotim et al. 2011) in which the torsional (local) mode is considered in the global buckling check 
while using the gross area. A recent Direct Strength Method formulation for equal angles has also 
been recently presented (Silvestre, Dinis et al. 2012) which adopts the column strength curve for 
equal angles proposed by Young (Young 2004; Ellobody and Young 2005). 
 
A further complication arises when loading singly-symmetric slender cross-sections axially, namely 
the stress redistribution associated with local buckling leads to a shift of the effective centroid, 
which induces bending when the section is loaded between pinned ends (Rhodes and Harvey 1977; 
Rasmussen and Hancock 1994). Thus, slender T-sections and angles compressed between pinned 
ends undergo overall bending in the plane of symmetry as a result of local buckling. The bending 
effect may be severe for cold-formed angles which can feature plate slenderness values 
(=fy/cr,local) of 1.35 e.g. see (OneSteel 2011) and need to be considered in design (Rasmussen 
2005). In the Australian Standard for Cold-formed Steel Structures (AS/NZS4600 2005) and 
Eurocode3, Part 1.1, as a way of incorporating the effect of the shift of the effective cross-section 
in design, a column is assumed to be concentrically loaded when the applied force passes through 
the centroid of the effective cross-section. In the Australian AS4100 and the American 
Specification AISC-360 (AISC360 2010), it is not required to account for the effect of the shift of 
the effective centroid and columns are considered to be concentrically loaded when the applied 
force passes through the gross section centroid. However, while the strength of T-sections can 
potentially be affected by the shift of the effective centroid, the effect is relatively minor because 
(i) T-sections are generally hot-rolled and only moderately slender in cross-section, and (ii) for 
most practical geometries, the critical global buckling is the flexural-torsional mode which is 
unaffected by the shift of the effective cross-section, as discussed in Section 2.3.  
 
Experiments on T-section columns appear to be limited to those presented by Kitipornchai et al. 
(Kitipornchai and Lee 1986). Numerical studies have been undertaken by Kitipornchai et al 
(Kitipornchai, Al-Bermani et al. 1990) and Dinis et al (Dinis, Camotim et al. 2010). In the absence 
of comprehensive experimental data, this paper first presents a finite element model calibrated 
against the tests by Kitipornchai and Lee (Kitipornchai and Lee 1986) and subsequently a 
parametric study of the strength of concentrically loaded T-section columns covering a wide range 
of geometries. The paper then compares the numerical strengths obtained and test strengths with 
strength predictions by the Australian, European and American specifications for hot-rolled and 
fabricated steel structures, and suggests more accurate design approaches than those currently 
available. 
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A.2 ELASTIC BUCKLING 
 
A.2.1 Global buckling 
 
According to Bleich (Bleich 1952), the warping constant (Iw) of a generic cross-section is given by 
 

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w
dAI 2ω           (1) 
 
where   represents the normalised sectorial coordinate, 
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In eqns (2,3), S is the sectorial coordinate with respect to the shear centre (S), h is the 
perpendicular distance from the point S to the tangent through an arbitrary point (A), rn is the 
perpendicular distance from the point S to the normal through A, and (n,s) are coordinates in the 
normal and tangential directions aligned with the mid-surface, as shown in Fig. 2. The first term of 
eqn. (3) is associated with primary warping resistance, which in cross-sections for which the mid-
lines intersect as a single point is zero. The second term is associated with secondary warping 
resistance and is only important for very short members and when the primary warping resistance 
is zero. 
 
For a T-section, the (secondary) warping (Iw) and torsion (J) constants are given by, 
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where the plate widths (B,H) and thicknesses (T,Tw) are defined in Fig. 3. According to classical 
theory (Timoshenko and Gere 1961; Chajes and Winter 1965), for a simply supported column with 
a singly-symmetric cross-section subjected to a concentrically applied compression force, the 
critical buckling modes are a flexural mode in the plane of symmetry and two flexural-torsional 
modes consisting of flexure in the direction perpendicular to the axis of symmetry and torsion. The 
corresponding buckling loads are, 
 
Fx
NN 
1  (flexural buckling)       (6) 
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where the y-axis is assumed to be the axis of symmetry, and 
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In eqn. (10), (x0, y0) represent the coordinates of the shear centre in the principal axis system, 
(see Fig. 3), such that x0 = 0 for a singly symmetric section with the y-axis chosen as the axis of 
symmetry, as in this paper. While eqns (9,10) provide the buckling loads for pure flexural buckling 
about the y-axis and pure torsional buckling, these pure modes do not occur in singly symmetric 
cross-sections with the y-axis chosen as the axis of symmetry but combine to produce coupled 
flexural-torsional modes. 
 
The smaller of the two flexural torsional loads (N2,3) is denoted by NFT, whereas the flexural 
buckling load (N1) is denoted by NFx. Which of these buckling loads is lower depends on the cross-
section geometry. Only if Ix>Iy will the critical buckling mode always be the flexural-torsional 
mode. Figures 4a and 4b show buckling loads for T-sections chosen such that Ix<Iy and Ix>Iy 
respectively. 
 
The following observations can be made from Figures 4a and 4b: 
i]  For Ix<Iy (Figure 4a), the critical overall buckling load is, for short to intermediate lengths, the 
flexural-torsional buckling load (NFT) and, for intermediate to long lengths, the flexural buckling 
load (NFx) in the plane of symmetry. Consequently, a length exists at which the critical buckling 
mode changes from the flexural-torsional mode to the flexural mode. This length depends on the 
cross-section geometry and decreases as the Ix/Iy-ratio decreases. For Ix=Iy, the NFx and NFy 
curves coincide and there is no mode switch, although failure may occur by flexural buckling in the 
plane of symmetry if affected by the shift of the effective centroid.  
 
ii]  For Ix>Iy (Figure 4b), the critical overall buckling load for the entire length range is the 
flexural-torsional buckling load (NFT). It presents two asymptotes: the pure torsional buckling load 
for short lengths and the pure flexural buckling (about the symmetry/y-axis) load for long lengths.  
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iii]  The influence of neglecting the secondary warping constant is minute for both sections and 
only visible for extremely short lengths. In fact, the flexural-torsional load graph considering the 
secondary warping resistance virtually coincides with the one where the secondary warping 
resistance is neglected for almost the entire length range. 
 
A.2.2 Local Buckling 
 
Local buckling is in this paper defined as the solution to the St Venant’s plate buckling equation 
(12), which assumes the buckling displacement field consists entirely of deflections (w) 
perpendicular to the plane of the plate. In the particular situation where the flange and web 
elements have the same dimensions, (i.e. b=h and T=Tw in Fig. 3), the elements buckle 
simultaneously when subjected to uniform compression and there is no interaction between the 
elements at the junction, which may then be assumed to be pinned. This case will first be 
explored. A characteristic of this case is that the column will form a single half-wave longitudinally, 
irrespective of the column length. 
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The solution to the St Venant’s plate buckling equation comprises harmonic and hyperbolic 
functions in the transverse direction, and for short lengths, the buckling mode of flange elements 
feature curvature across the width of the plate. However, for longer lengths of plate, the buckling 
mode becomes increasing linear in the transverse direction and an energy solution for the buckling 
of a flange element simply supported along three edges while free at one longitudinal edge based 
on the displacement field, 
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leads to the following expression for the buckling stress, 
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where the plate buckling coefficient (k) is approximately given by 
 
22
1)1(6
φπ
ν


k          (15) 
 
Appendix A – Research Report R933: The Behaviour and Design of T-section Steel Columns 
 
 A-7  
In the limit where L  =L/b, for =0.3, the plate buckling coefficient (k) assumes the 
value of 0.425. 
 
Figure 5a shows a graph titled “Thinwall” of the local buckling stress of the T-section shown in 
Figure 5b, for which b/T=25. The graph was obtained using the finite strip analysis described in 
(Papangelis and Hancock 1995), which assumes a single half-wave of length L forms longitudinally. 
In the Thinwall analysis, the displacements of the intersection point between the flange and web 
elements were restrained along the length of the column, as shown in Figure 5b. Figure 5a also 
shows the approximate solution given by eqns (14,15) and two torsional buckling stresses, 
cr,T=NT/A, where NT is the torsional buckling load given by eqn. (10). The two torsional buckling 
stresses correspond to ignoring secondary warping (Iw=0), in which case the stress is independent 
of length, and including secondary warping with Iw calculated using eqn. (4). The torsional 
buckling stress including secondary warping agrees closely with the local buckling stress obtained 
using eqn. (15) for calculating the plate buckling coefficient. As shown in Rasmussen (Rasmussen 
2003), the torsional and local buckling stresses are exactly equal in the limit L, and given by 
eqn. (14) with k=0.425 for =0.3.  The local and torsional buckling stresses (Iw0) agree closely 
with the Thinwall results, even at short lengths (L/b<1) where the buckling mode is affected by 
transverse plate curvature. 
 
When the flange and web elements are not identical, which is the practical case of interest, the 
most slender element will be elastically restrained by adjoining elements. In this case, the column 
may form multiple local buckles longitudinally, in which case the local buckling pattern of a T-
section is similar to that of other conventional thin-walled open sections like I-sections and channel 
sections, except that the section comprises only elements supported along a single longitudinal 
edge and the primary warping constant is zero.  
 
For instance, if h=2b and T=2Tw, as shown in Fig. 6b, the local buckling mode involves 
considerable flexure in the transverse direction of the web and the minimum local buckling stress 
is associated with a critical half-wavelength of Lcr=1.64b, as shown by the Thinwall curve in 
Fig. 6a. (Note that the Thinwall analysis assumes that a single half-wave forms longitudinally). In 
the limit where the flange prevents the rotation of the web, (or vice versa), the plate buckling 
coefficient (k) takes the value of 1.247 (Lundquist and Stowell 1942; Timoshenko and Gere 1961; 
Bulson 1970). The corresponding local buckling stress is also shown in Fig. 6a. It follows that as 
one element becomes more slender and is increasingly restrained by the adjoining elements, the 
plate buckling coefficient gradually changes from k=0.425 (asymptotic value at long lengths) to 
1.247.  
 
Using an energy analysis based on the following displacement field,  
 













L
xn
b
y
Aw
ππ
sin
2
cos         (16) 
 
Appendix A – Research Report R933: The Behaviour and Design of T-section Steel Columns 
 
 A-8  
the plate buckling coefficient (k) can be obtained approximately as 
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where =L/b and n equals the number of longitudinal half-waves. A similar expression was 
presented by Dinis et al (Dinis, Camotim et al. 2011). The minimum value of k obtained from 
eqn. (17) equals, 
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corresponding to the critical local buckling aspect ratio (/n)cr=1.64. The approximate value of 
kmin=1.424 is 14.2% higher than the exact value (1.247). The approximate local buckling stress 
obtained by combining eqns (14,17) is also shown in Fig. 6a for n=1,2,…10. As can be seen from 
Fig. 6a, for this particular cross-section, there is a reasonable agreement between the minimum 
local buckling stress predicted by Thinwall (21.7 MPa) and the exact and approximate minimum 
local buckling stresses, 22.5 MPa and 25.7 MPa respectively, for the buckling of plate elements 
restrained against rotation at one longitudinal edge and free at the other.  
 
For long half-wavelengths (L/b=20), the buckling mode predicted by Thinwall resembles closely 
the torsional mode featuring negligible curvature of the plate elements in the transverse direction, 
as shown in Fig. 6a. Accordingly, the buckling stress at this length (45.2 MPa) is close to the 
torsional buckling stress (cr,T=NT/A=46.2 MPa, where NT is obtained using eqn. (10)), as also 
shown in the Figure. These curves assume a single half-wave in the buckling mode. 
 
The same curves are shown in Fig. 7 for lengths up to L/b=100 except that the energy solution for 
plate local buckling is only shown for n=1. Figure 7 includes an additional graph obtained using 
Thinwall by not restraining displacements of the flange-web junction. This latter curve decreases at 
lengths exceeding L/b  20 as the column buckles in a flexural-torsional mode. For L/b>67, the 
flexural-torsional buckles stress is less than the minimum local buckling stress and hence, the 
column will buckle in a flexural-torsional mode in this length range forming a single half-wave. 
 
In conventional design approaches (not including the Direct Strength Method), interaction between 
plate elements is ignored and for elements with one longitudinal edge free, k is taken as 0.425 for 
steel sections. This is justified by the fact that while local buckling of one element may be 
restrained by adjoining elements, this same element provides a destabilising moment on the 
adjacent elements and lowers the buckling stress of these. Consequently, the local buckling 
strength of the section can be approximately obtained by adding the strengths of individual 
elements assuming no interaction. Thus, while in actuality the local buckling mode of a T-section 
may involve plate flexure across, typically, the web, in conventional design, the elements are 
assumed to be pin-connected and the local buckling mode is assumed to vary linearly across the 
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plate so that the plate buckling coefficient is approximately equal to 0.425. The use of this plate 
buckling coefficient may give the false impression that the plate elements only form one half-wave 
in the local mode, whereas a T-section may form multiple half-waves longitudinally when the 
thicknesses of the web and flanges differ. 
 
A.2.3 Shift of the effective centroid 
 
Local buckling causes a redistribution of stress. Based on Stowell’s solution (Stowell 1951; Rendall 
and Rasmussen 2012; Rendall and Rasmussen 2012), which assumes the plate displacement 
varies linearly across the plate, the stress distribution across the plate varies parabolically, as 
shown in Fig. 8, except near the mid-length of the plate element and potentially near the ends 
depending on whether secondary warping is prevented (Rendall and Rasmussen 2012; Rendall and 
Rasmussen 2012). Local buckling of the web of a T-section causes the resultant of the stress 
distribution to shift from the mid-width of the element and leads to bending in the plane of 
symmetry if the line of action of the applied load at the ends is fixed as in a pin-ended condition 
(Rasmussen and Hancock 1994). When the web locally buckles, the induced overall bending 
causes additional compression at the free edge of the web, as shown in Fig. 9a. Conversely, when 
the flanges of a T-section local buckle, the induced overall bending causes additional compression 
in the flanges, as shown in Fig. 9b. The former is the more detrimental case from a strength 
viewpoint. In either case, the post-local buckling stress distribution is symmetrical with respect to 
the web and does not induce flexural deformations perpendicular to the web or torsion, i.e. it does 
not trigger deformations in the flexural-torsional mode.  
 
The web of a T-section will locally buckle before the flanges if h/Tw>b/T, which in terms of k1=h/b 
and k2=Tw/T implies, 
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The associated induced overall bending in the plane of symmetry will be particularly detrimental to 
the strength if the critical overall buckling mode is the flexural mode in the plane of symmetry, i.e. 
when NFxNFT. This condition is length dependent and only possible if Ix < Iy, which in terms of k1 
and k2 implies, 
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Hence in the (k1,k2)-space, sections for which both conditions in eqns (19,20) are satisfied are 
particularly prone to be affected by the shift of the effective cross-section. This space is shown in 
Figure 10. Most practical sections have relatively narrow flanges such that Ix > Iy, and as such are 
represented by points to the right of the Ix = Iy-curve and are not in the space bounded by 
eqns (19,20) prone to be affected by the shift in the effective centroid. 
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A.3 FINITE ELEMENT MODELLING AND PARAMETRIC STUDY 
 
A.3.1 The model 
 
Because of the limited number of experimental tests available on T-section columns, a finite 
element model was calibrated using the available test data and subsequently used to perform a 
comprehensive parametric study of the strength of a wide range of T-section geometries. In all 
cases, the column was assumed to be pinned at the ends with respect to both principal axes and 
loaded through the geometric centroid. 
 
The general purpose commercial finite element package ABAQUS was used for the finite element 
simulations. It is generally accepted that shell-element-based inelastic large displacement analysis 
can accurately predict the behaviour and ultimate capacity of structures undergoing local 
instability provided geometric imperfections and residual stresses are incorporated in the analysis 
(Bakker and Peköz 2003; Sarawit, Kim et al. 2003). Thus, and considering the remarks made by 
Schafer (Schafer, Li et al. 2010), T-section columns were modelled using S8R shell-elements. This 
type of element is directly available from the ABAQUS library and consists of an 8-node doubly 
curved thick shell with reduced integration. It employs quadratic shape functions and assigns six 
degrees of freedom per node. The default Simpson’s rule was used considering five integration 
points through the thickness of the element and assuming a homogeneous cross-section. The 
mesh had no elements with width-to-thickness ratios greater than four which resulted in a number 
of elements across each plate ranging from five to thirty depending on the plate width. 
 
The characteristic rounded transition from flanges to web of hot-rolled profiles was not modelled. 
To materialize the prescribed boundary conditions, two rigid plates were attached to each end of 
the T-section column and a reference point axially coincident with the geometric centroid of T-
section was assigned to each rigid plate. At one reference point, the three translational and the 
twisting degrees of freedom where fully restrained while at the other reference point, the two 
transverse translational and the twisting degrees of freedom were fully restrained.  
 
Additionally, the described setup does not prevent secondary warping and thus the warping degree 
of freedom is deemed unrestrained at both ends. At the axially unrestrained end, a point load is 
applied at the reference point in order to simulate a concentric compression load. An example of 
the developed finite element model is shown in Fig. 11. 
 
As for the hot-rolled steel material, the stress-strain curve was chosen as elastic-perfectly plastic 
being defined, as shown in Fig. 12, by Young’s modulus (E) and yield stress (fy). Guidelines for 
including residual stresses, particularly relevant to hot-rolled members, are available in the SSRC 
Guide (Ziemian 2010). The following sections details how both residual stresses and geometric 
imperfections were incorporated in the finite element model. 
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A.3.2 Calibration 
 
The finite element model was calibrated by (i) comparing the results of elastic buckling analyses to 
the global buckling loads and modes obtained from classical theory (eqns (9,10)), and (ii) 
comparing ultimate strength data with the test strengths reported by Kitipornchai and Lee 
(Kitipornchai and Lee 1986).  
 
Three cross-sections were tested by Kitipornchai and Lee, as shown in Fig. 13. The sections were 
obtained by cutting three I-sections lengthwise through the centre of the web so as to produce two 
T-sections for each length of I-section, resulting in a total of six T-section specimens. The cross-
section dimensions and column lengths are shown in Table 1. The measured values of Young’s 
modulus and yield stress were 214 GPa and 300 MPa respectively.  
 
The elastic buckling analyses were performed on the columns tested by Kitipornchai and Lee 
ignoring geometric imperfections and residual stresses. The first two buckling modes and loads 
obtained using Abaqus are shown in Table 1 as are the buckling loads obtained using eqns (9,10). 
It can be seen that the finite element model predicts the 1st and 2nd buckling loads to within 2.6% 
and 1.6% error, respectively. This degree of accuracy was deemed acceptable.  
 
The residual stresses incorporated in the non-linear inelastic analyses were based on the ECCS 
(ECCS 1976) model shown in Fig. 14, where in this study the peak residual stress (r) was taken 
as 0.3fy. However, when considering half of this model for a T-section, it is found that while the 
residual stresses produce a net zero axial force, as required, they produce a non-zero bending 
moment (Mr) about an axis parallel to the flange. This moment cannot exist and so the T-section 
will bend in essentially uniform curvature (r) when the I-section is sliced into two T-sections. The 
bending of the T-section will alter the residual stress distribution to be in equilibrium both in terms 
of axial force and bending moment, and cause an initial imperfection (r) of the section consisting 
of flexure in the plane of symmetry towards to free edge of the web.  
 
The out-of-balance moment of a T-section produced by the residual stress distribution shown in 
Fig. 14 is given by, 
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2
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1
2
          (21) 
 
The associated curvature and mid-span deflection produced by the release of this moment are, 
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where a is the dimension (92.5 mm) of the end bearings, which were assumed to be rigid. The 
ry/L values obtained from eqn. (23) for test specimens T1, T2, T3, T4, T5 and T6 are 1/3040, 
1/2600, 1/1520, 1/1370, 1/1980, and 1/1770 respectively, and are thus close to the construction 
tolerance (L/1000) for some of the longer specimens. While the initial geometric imperfections are 
not reported in the paper (Kitipornchai and Lee 1986), the test specimens are likely to have 
featured imperfections of the calculated magnitudes. 
 
In the non-linear Abaqus analyses, the residual stress pattern for one half of the I-section shown 
in Fig. 14 was incorporated as an initial stress state. No external load was applied in the first load 
step which then consisted of finding an equilibrium state for the incorporated initial stress. This 
produced deflections of similar magnitude to the calculated ry-values, (equal to within 5%), which 
served as initial geometric imperfections in the plane of symmetry, as well as an altered residual 
stress state. The change in residual stress can be calculated from  
 
y
I
M
x
r
r
σ           (24) 
 
where r is positive as tension, the principal coordinate y is positive towards the free edge of the 
web, and Mr is given by eqn. (21). 
 
Imperfections were also included for deflections in the direction perpendicular to the web and twist 
rotations. These imperfections were incorporated by scaling the flexural-torsional buckling mode 
obtained from a linear buckling analysis by scaling factors of L/2000, L/1750 and L/1500. The 
resulting ultimate loads are shown and compared with the experimental ultimate loads in Table 2. 
 
It can be concluded from Table 2 that the finite element model predicts reasonably well the 
experimental failure loads obtained by Kitipornchai and Lee (Kitipornchai and Lee 1986). Overall, 
the best agreement is obtained for a scale factor for the flexural-torsional buckling mode of 
L/2000. However, the ultimate loads shown in Table 2 are not strongly dependent on the 
magnitude of flexural-torsional imperfection and to comply with Bjorhovde’s survey, which found 
that the mean minor axis geometric imperfection of rolled I-sections is L/1470 (Bjorhovde 1972), 
the scale factor of L/1500 was chosen for generating imperfections in the shape of the flexural-
torsional buckling mode in the parametric study. These were in addition to the residual stresses 
and imperfections in the plane of symmetry generated in the first load step detailed in previous 
paragraphs. 
 
A.3.3 Parametric study - Methodology 
 
Two series of parametric studies were conducted, referred to as the N- and M-series. In the N-
series, three generic cross-sections were selected to cover a wide range of geometries by changing 
the widths of the flange and web elements and assuming the same thickness for both flange and 
web, whereby k2=Tw/T=1. Two cross-sections were chosen so that H/B=2 (k14) and 1/4 (k10.5), 
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where B and H are the total flange width and the web width, respectively, as shown in Fig. 15. The 
third section was chosen such that Ix=Iy, which implied equal flexural buckling stresses for 
buckling about the x- and y-axes. For each cross-section, four values of thickness were selected so 
as to obtain the values of the ratio NY/NT (Iw=0) of 0.5, 1.0, 1.5 and 2.0, where NY is the squash 
capacity (A fy) of the section and NT (Iw=0) is the torsional buckling load ignoring secondary warping.  
 
For each cross-section, in order to determine the column strength curve, a minimum of five 
lengths were selected corresponding to normalised flexural slenderness values of e = 0.25, 0.50, 
1.00, 2.00 and 4.00, where the normalised flexural slenderness is given by: 
 









Fy
Y
Fx
Y
e
N
N
N
N
,maxλ         (25) 
 
For some cross-sections, additional short lengths were chosen in order to determine the column 
strength curve when plotted against the normalised global slenderness (r) given by, 
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The M-series T-sections were chosen as one half of a selection of common Australian hot-rolled I-
sections (OneSteel 2011). As shown in Fig. 16, five cross-sections were chosen and modelled by 
ignoring the rounded transition between the web and flange elements. The column lengths for 
each cross-section were chosen in a similar manner as for the N-series T-sections. The cross-
section geometry, column lengths, geometric properties, elastic buckling loads, column 
slenderness values and key ratios are shown in Table 3 for the Series N and M T-section columns.  
 
For all Series N and M models, the assumed values of Young’s modulus (E) and yield stress (fy) 
were 210 GPa and 355 MPa respectively. 
 
A.3.4 Parametric study - Results 
 
Two separate numerical analyses were performed using ABAQUS for each of the T-section columns 
detailed in Table 3, namely: 
 
1. An elastic eigenvalue buckling analysis that provided the deformed shape of the flexural-
torsional mode for implementing the geometric imperfection in this mode in the 
subsequent non-linear analysis. 
 
2. A geometric and material non-linear failure analysis that used the modified Riks method 
including the effects of geometric imperfections and residual stresses. (The modified Riks 
method employs, in each step, proportional loading, solving simultaneously for both loads 
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and displacements. ABAQUS uses the arc length along the static equilibrium path in the 
load-displacement space to measure the progress of the solution. This method is useful for 
providing post-buckling solutions of stable or unstable structures when material and 
geometrical non-linearities are involved (Simulia 2011)). 
 
As discussed in Section A.3.2, before advancing to the actual failure analysis, the first step of the 
non-linear analysis consisted of determining the equilibrium state in the presence of the non-self-
equilibrating residual stress pattern. This step induced bending in the plane of symmetry and 
modified the residual stress pattern.  
 
The subsequent analysis featured local buckling of those sections with slender elements, as 
exemplified in Fig. 17a for specimen N01_T1L4. Figure 17b shows the load plotted against the 
displacement in the transverse direction. The 3rd and 4th columns of Table 4 contain the ultimate 
load (Nu) and the prominent mode of failure observed at the ultimate load for each specimen, 
respectively. Because the load was applied at the geometric centroid, those sections featuring local 
buckling underwent flexural displacements as a result of the shift of the effective centroid, as 
discussed in Section A.2.3. 
 
A.4 DESIGN PROVISIONS 
 
A.4.1 General 
 
This section compares strength predictions obtained using the provisions of the Australian 
Standard AS4100 (AS4100 1998), Eurocode3 Part 1.1 (EN1993-1-1 2005) and the AISC-360 
Specification (AISC360 2010) with the ultimate strength data obtained from the parametric study 
described in Section A.3.4 and experiments by Kitipornchai and Lee (Kitipornchai and Lee 1986). 
The design approaches adapted in the three specifications are substantially different as will be 
highlighted in the following sections, which also propose improvements to existing provisions. 
 
The two main difficulties encountered in formulating design provisions for T-sections are: 
 
1. The cross-section deformations of the local and torsional buckling modes are similar, albeit 
the corresponding half-wavelengths may be different, as discussed in Section A.2.2, and 
hence, strength predictions are conservative if both modes are accounted for through 
effective area and flexural-torsional buckling calculations.  
 
2. When ignoring secondary warping (Iw=0), as is customary in design, the critical buckling 
stress becomes the pure torsional buckling stress (cr,T) in the limit L0, implying a non-
zero column slenderness of r=y/cr,T  0. As a result, the design stress is less than the 
yield stress (y) in the limit L0. This is in contrast to designing for flexural buckling 
where cr,Fx in the limit L0, so that r=y/cr,Fx 0 and the design stress becomes the 
yield stress as required. 
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The abovementioned three design specifications present different approaches to addressing these 
difficulties, or not. 
 
Consistent with the pin-ended support conditions simulated in the numerical investigation 
presented in Section A.3.4, the effective column lengths for flexural buckling about the minor and 
major axes as well as torsional buckling were taken as the column length (L) in the design 
strength predictions detailed in Sections A.4.2-A.4.6. In calculating design strengths for the 
columns tested by Kitipornchai and Lee, the effective lengths for flexural buckling about the x- and 
y-axes were taken equal to the distance between the centres of the pin-ended supports, while for 
calculating the torsion buckling strength including secondary warping, the effective length was 
taken as half of the column length because warping was prevented by the use of rigid end plates in 
the experiments. 
 
A.4.2 AS4100 
 
According to the Australian Specification for steel structures (AS4100 1998), the strength of a 
concentrically loaded column is given by 
 
yecc
fAN  α           (27) 
 
where c, Ae and fy represent the geometric slenderness reduction factor, the effective area of the 
cross-section and the nominal yield stress, respectively. 
 
The first variable (c) reflects the effect of flexural buckling on the member capacity as well as the 
distribution and magnitudes of the residual stresses for standard Australian sections. This 
parameter is function of the flexural geometric slenderness ratio (L/r), yield stress and section 
type, and as such does not consider torsional or flexural-torsional buckling. The second variable 
(Ae) is obtained by incorporating the effect of local buckling through the effective width 
methodology in the net area. This reduction accounts for the fact that the yield stress may not be 
attainable due to local buckling and is a function of both yield stress and plate slenderness. It is 
apparent that according to AS4100, the global torsional buckling mode is implicitly taken into 
account through the effective area provisions which account for local buckling and include post-
local buckling capacity.  
 
The ratios (Nu/Nc) between the experimental or numerical ultimate strengths and the AS4100 
predictions are shown in the 6th column of Table 4, including the statistics of the same ratio at the 
end of the Table. The mean value and CoV of the ratio are 1.12 and 0.170, respectively, while the 
minimum and maximum values of the ratio are 0.73 and 1.67, respectively. This implies a 
generally conservative design approach with a relatively small scatter, although the column 
strength prediction is up to 27% optimistic for the N01_T5 section, which is a particularly slender 
cross-section featuring a slender web (see Fig. 15) and a NY/NT (Iw=0)-ratio of 2.5 (r=1.53 and 
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e=0.50). The 6th column of Table 4 also shows the mean and CoV for non-slender (Ae/A=1) and 
slender sections (Ae/A<1), from which it follows that the AS4100 procedure is slightly more 
accurate for non-slender than slender sections. The fourth set of statistics exclude slenderness 
values (e) less than 0.15. Since the mean and CoV are nearly unchanged from the statistics 
including all slenderness values, it follows that the AS4100 procedure works equally well for 
columns of short and intermediate to long lengths.  
 
Using the 4th set of statistics (excluding columns with e<0.15) and denoting the mean and CoV of 
the Nu/Nc-ratio by Pm and VP, respectively, in conjunction with the LRFD framework for the dead 
and live load combination, the resistance factor is calculated as =0.88 using, 
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where values of Mm=1.1, VM=0.1, Fm=1.0, VF=0.05, are assumed (Ellingwood, Galambos et al. 
1980). Equation (28) is derived on the basis of the load combination G=DDn+LLn using D=1.2 
and L=1.6 as per the ASCE-7 Standard (ASCE 2010) and assuming a ratio (Dn/Ln) of nominal dead 
to nominal live load of 1/3. Using VD=0.1 and VL=0.25, the CoV of the load effect is obtained as 
VG=0.19. Consistent with the calibration of the AISC-360 Specification, (e.g. see Commentary of 
the AISC-360 Specification), the target reliability index is chosen as 0=2.6.  
 
The calculated value of resistance factor (=0.88) is close to the value of 0.9 prescribed in 
AS4100. 
 
A.4.3 Eurocode 3 
 
According to Eurocode 3, Part 1.1 (EN1993-1-1 2005), the nominal strength of a concentrically 
loaded column is given by, 
 
yeffRkb
fAN χ
,           (29) 
 
where , Aeff and fy represent the geometric slenderness reduction factor, the effective area of the 
cross-section and the nominal yield stress, respectively. The reduction factor  depends on the 
non-dimensional slenderness   defined by, 
 
cr
yeff
N
fA 
λ           (30) 
 
where Ncr is the critical elastic buckling load, taken as the lower of the flexural (NFx) and flexural-
torsional (NFT) elastic buckling loads. In this study, the flexural torsional buckling load (NFT) has 
been determined using eqns (7,9,10) with Iw taken as zero. EN1993-1.1 specifies the “c” column 
curve for both the flexural and flexural-torsional buckling strength calculations of T-sections.  
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For slender cross-sections, EN1993-1.1 requires calculation of the effective centroid and the 
eccentricity between the effective and gross section centroids. In singly and non-symmetric cross-
sections, the eccentricity gives rise to end moments which cause overall bending in the plane of 
symmetry, as discussed in Section A.2.3, and accordingly, EN1993-1.1 requires the column to be 
designed as a beam-column. This approach is in contrast to the approaches described in AS4100 
and the AISC-360 Specification, which do not require the effect of the shift of the effective centroid 
to be considered. To enable a direct comparison between the column strength predictions of the 
various specifications, the effect of the shift of the effective centroid in slender T-sections is 
ignored in this paper.  
 
The ratios (Nu/Nb,Rk) between the experimental or numerical strengths to the EN1993-1.1 strength 
predictions are shown in the 8th column of Table 4. The mean and CoV of the ratio are 1.60 and 
0.400, respectively, suggesting a very conservative design approach of poor accuracy. When 
considering only slender cross-sections, the mean and CoV change slightly to 1.62 and 0.403, 
respectively, suggesting that the design approach is conservative and of poor accuracy for both 
slender and stocky cross-sections.  
 
The main reason for the conservative prediction of design strengths is that EN1993-1.1 accounts 
for both torsional buckling (in the calculation of NFT) and local buckling (in the Aeff calculation), and 
as such, notwithstanding that the buckling half-wavelengths of the two modes may be different, 
accounts for the same mode twice. The conservatism is brought out by the fact that in calculating 
the flexural-torsional buckling strength, in the limit L0, the buckling load equals the torsional 
buckling load (NT=GJ/(Aro2)) so that  FTAeff fy/NT 0 and consequently, FT<1 rather than FT=1 
for L0. When determining the column strength using eqn. (29), the section capacity Aeff fy is then 
unnecessarily further reduced by the factor FT<1. Section A.4.5 explores the possibility of using 
the gross area (A) rather than the effective area (Aeff) in the EN1993-1.1 approach. 
 
The conservatism of the Eurocode3 approach is particularly pronounced for short columns and the 
high Nu/Nb,Rk-ratios at short lengths contribute substantially to the high CoV. When excluding 
columns with slenderness e<0.15, the mean and CoV of the Nu/Nb,Rk-ratio reduce to 1.38 and 
0.2257 respectively. Based on these values for Pm and VP, the resistance factor is calculated as 
=0.93. 
 
A.4.4 AISC-360-10  
 
According to the AISC-360 Specification (AISC360 2010), the nominal column strength of a non-
slender T-section in compression is calculated as, 
 
crn
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where Fcr is the minimum of the strengths for flexural buckling about the x-axis and for flexural-
torsional buckling, the latter of which is given by, 
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In eqn. (32), 
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and Fcry is the inelastic flexural strength for buckling about the y-axis. Thus, the strength 
equation (32) for flexural-torsional buckling combines the elastic torsional buckling stress with the 
y-axis inelastic flexural buckling strength in the conventional expression for the elastic flexural-
torsional buckling stress. For short lengths of column (L0), the y-axis flexural buckling strength 
(Fcry) equals the yield stress and hence, the column strength is a H-weighted average of the yield 
stress and the elastic torsional buckling stress in this limit.  
 
For slender T-sections, in lieu of using eqn. (32), the AISC-360 Specification requires the critical 
inelastic strength be calculated as, 
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where Fe is the minimum of the elastic buckling stresses for flexural buckling about the x-axis and 
flexural-torsional buckling, and Q is the minimum of the be/b-ratios of the flange and web 
elements, which is equivalent to the ratio between the effective and gross areas in the AS4100 and 
EN1993-1.1 specifications, so that Q<1 for a slender cross-section. 
 
The ratios (Nu/Pn) between the experimental or numerical strengths to the AISC strength 
predictions are shown in the 10th column of Table 4. The mean and CoV of the ratio are 1.39 and 
0.381, respectively, suggesting a very conservative design approach of relatively poor accuracy. 
Considering only those columns with non-slender cross-sections (Q=1), the mean and CoV are 
1.070 and 0.108, respectively, while for the columns with slender cross-sections (Q<1), the mean 
and CoV are 1.484 and 0.382, respectively. Hence, the AISC-360 Specification offers an accurate 
design approach for non-slender T-sections while the approach is generally conservative and 
associated with high variability for slender sections.  
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As for Eurocode3, the main sources of inaccuracy in determining the strength of slender T-section 
columns are that (i) the slenderness reduction factor eF
yQF
658.0  approaches Tcr
F
yQF
,658.0 <1 in the limit 
L0, rather than unity as for the cases of flexural buckling and torsional buckling when Iw>0 
where Fe so that e
F
yQF
658.0 1, and (ii) the torsional buckling mode is considered in both the 
flexural-torsional and local buckling (Q) design calculations. Section A.4.6 described ways of 
improving the AISC procedure. 
 
The design strength predictions are particularly conservative at very short column lengths. 
Excluding columns with slenderness e<0.15, the mean and CoV of the Nu/Pn-ratio reduce to 1.20 
and 0.224 respectively. Based on these values for Pm and VP, the resistance factor is calculated as 
=0.87, which is slightly less than the specified value of 0.90 and slightly greater than the value of 
0.85 specified in previous LRFD versions of the AISC-360 Specification. 
 
A.4.5 Modified Eurocode approach (NC,RD = A.FY.(R)) 
 
The main issue in improving the Eurocode design approach is to resolve the double consideration 
of the torsional/local buckling mode in the strength prediction, as discussed in Section A.4.3. This 
may be achieved by ignoring flexural-torsional buckling in determining the member buckling load, 
as in the AS4100 approach, or by using the gross area rather than the effective area. Motivated by 
the plots of normalised strength (Nu/Ny) against slenderness shown in Figs 18a and 18b, the latter 
approach is here selected. As shown in Fig 18, when the normalised strength is plotted against the 
“global” slenderness (r), which is defined by eqn. (26) and considers both flexural and flexural-
torsional buckling, the strengths are grouped in a much narrower band than when plotted against 
the flexural slenderness (e) defined by eqn. (25), suggesting that a more direct design approach 
may be achieved by employing the global slenderness. This implies the consideration of the 
flexural-torsional buckling load in determining the design strength, in which case the area is taken 
as the gross area rather than the effective area, i.e.  
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Comparisons also show that a more accurate design procedure can be achieved using the b-curve 
rather than the c-curve as currently specified for T-sections in Eurocode3. The resulting strength 
predictions are shown in the 10th and 11th columns of Table 4 for the cases where secondary 
warping is ignored (Iw=0) and considered (Iw>0), respectively. When secondary warping is 
ignored, the mean and CoV of the ratio between the experimental or numerical strength to the 
modified EN1993-1.1 strength prediction (Nu/NRd) are 1.36 and 0.353. These statistics compared 
to the mean and CoV of 1.60 and 0.400 obtained using the existing provisions. Excluding the 
results for short lengths (e<0.15), the mean and CoV improve to 1.20 and 0.205 respectively, 
leading to a resistance factor of =0.89.  
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If secondary warping is taken account of, the mean and CoV of all columns are 1.15 and 0.132 
respectively, indicating a relatively conservative procedure with a small scatter. The mean and CoV 
change slightly to 1.14 and 0.141 when the results for short lengths (e<0.15) are excluded, 
suggesting that the proposed procedure is consistent in terms of length. The resistance factor 
calculated on the basis of the latter statistics is =0.94. 
 
A.4.6 Modified AISC-360 approach  
 
As shown in Section A.4.4, the AISC-360 approach is accurate for non-slender cross-sections 
(Q=1) while excessively conservative for slender cross-sections (Q<1). As a first modification, the 
same design approach is here adopted for slender sections as for non-slender sections, i.e. 
eqns (31-34) are used except that Fcry is calculated using eqn. (35) with Fe=cr,Fy and Q<1. The 
resulting strength predictions are shown in the 13th and 15th columns of Table 4 for the cases 
where secondary warping is ignored (Iw) and considered (Iw>0) respectively. In the former case, 
the mean and CoV of the ratio between the experimental or numerical strength to the modified 
AISC-360 strength prediction (Nu/NRd) are 1.36 and 0.397, respectively, indicating a slight 
improvement of the mean but a slightly higher CoV compared to the current AISC-360 procedure 
(AISC360 2010). When taking secondary warping into account, the mean and CoV improve to 1.23 
and 0.247 respectively. 
 
To avoid accounting for the similar torsional/local modes twice, a second modified AISC-360 
strength prediction model is obtained by again using eqns (31-34) but determining Fcry from 
eqn. (35) with Fe=cr,Fy and Q=1; i.e. local buckling is ignored in determining the flexural-torsional 
buckling strength. In this procedure Fcrx is determined from eqn. (35) with Fe=cr,Fx and Q<1 for 
slender sections. The resulting strength predictions are shown in the 14th and 16th columns of 
Table 4. The mean and CoV of the ratio between the experimental or numerical strength to the 2nd 
modified AISC-360 strength prediction (Nu/NRd) are 1.25 and 0.329, respectively, when secondary 
warping is ignored, and 1.15 and 0.205 when secondary warping is considered, respectively.  
 
The statistics for the 1st and 2nd modified AISC procedures improve significantly when the 
strengths for very short columns (e<0.15) are excluded. For this case, the resistance factors for 
the for the modified AISC models ignoring, or not, secondary warping vary between 0.84 and 0.92, 
and so are relatively close to the values used in the current (0.90) and previous (0.85) versions of 
the AISC-360 Specification. 
 
A.4.7 Discussion 
 
It follows from Table 4 that AS4100 is mainly optimistic for the N01 and N02 cross-sections, and 
particularly so for the slender N01_T5, N02_T2, N02_T3 and N01_T5 sections in the short flexural 
slenderness range (e[0.25,0.5]) where the design strength exceeds the ultimate strength by 
20% or more. This result is attributed to the effect of bending induced by the shift of the effective 
centroid which is not considered in the design guidelines of the AS4100 (and AISC-360) 
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Specifications. Note that while the N01_T5 and N03_T3 cross-sections are similar in terms of 
slenderness (Ae/A equals 0.65 and 0.67 respectively according to AS4100, see Table 4), the design 
strengths for the N03_T3 cross-section are generally conservative because the effect of the shift of 
the effective centroid less insignificant for this section as local buckling occurs mainly in the 
flanges and causes bending in the plane of symmetry that induces tension at the free edge of the 
web, as discussed in Section 2.3.  
 
The ultimate strength to design strength ratio (Nu/Nc) is consistently relatively low for a flexural 
slenderness (e) of about 4, as shown in Table 4. This trend is attributed to interaction between 
the flexural-torsional buckling mode and the buckling mode for flexure in the plane of symmetry. 
It follows from Table 3 that the elastic buckling loads for these two modes are similar for e-values 
of about 4. 
 
The provisions of AS4100 are generally satisfactory for T-section columns except when the web is 
slender and the column is pinned about the x-axis (the axis perpendicular to the plane of 
symmetry). It is suggested that such columns should be required to be designed as beam-columns 
when the Ae/A ratio is less than 0.8. This requirement is not necessary when the columns are fixed 
against rotations about the x-axis at the two ends, since local buckling does not induce overall 
bending in this case (Rasmussen and Hancock 1994). 
 
The statistics of the current and proposed modified design procedures of the AS4100, EN1993-1.1 
and AISC-360 Specifications are summarised in Table 5. The statistics exclude short columns (e) 
and are based on design predictions that ignore secondary warping, i.e. Iw is taken as zero. It 
follows from the Table that comparable levels of accuracy and (Pm and VP) and reliability () are 
achieved using the current rules of AS4100 and the proposed modified rules of the EN1993-1.1 
and AISC-360 Specifications. The accuracy deteriorates considerably if short columns are included 
in the statistics and secondary warping is ignored. While the accuracy can be greatly improved for 
short columns by including secondary warping (determining Iw using eqn. (4)), it is considered 
appropriate to maintain Iw=0 in the proposed modified design approaches for simplicity. A note 
could be added to the proposed modified design procedures to the effect that when designing 
short T-section columns, say e<0.2, the designer should consider to include secondary warping 
when determining the flexural-torsional buckling load. 
 
A.5 CONCLUSIONS 
 
A study of the buckling behaviour and strength of hot-rolled steel T-section columns has been 
presented. The study was motivated by the fact that the torsional and local buckling modes are 
similar for this cross-section, whereby design strength predictions may be conservative if 
accounting for both modes. The focus of the study is on columns compressed between pinned 
ends.  
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The elastic buckling in global and local modes are first summarised, highlighting that (i) the critical 
global buckling mode is always the flexural-torsional mode at short lengths, which may, and may 
not, change to a flexural mode at intermediate to long lengths depending on the Ix/Iy-ratio, and 
(ii) local buckling may involve a single or numerous longitudinal half-waves depending on the 
cross-section geometry. 
 
A numerical study of T-sections columns is conducted to augment the available experimental 
ultimate strength data. The development of residual stresses in T-section columns produced by 
cutting I-sections in half is first explained, including the initial bending of each T-section that 
results when an I-section is cut in half. The residual stresses, initial bending deformations and 
geometric imperfections are included in shell finite element models, which are analysed using 
geometric and material non-linear (GMNIA) analyses. 
 
The ultimate strength data is compared with predictions obtained using the Australian, European 
and American specifications for hot-rolled steel structures. It is shown that the Australian Standard 
(AS4100) is reliable except for pin-ended columns with slender webs, for which the design 
strength may be seriously optimistic because of the effect of the shift of the effective centroid. It is 
proposed that pin-ended T-section columns shall be required to be designed as beam-columns 
when the Ae/A-ratio is less than 0.8, as determined using AS4100. However, this requirement is 
not necessary for fixed-ended columns. 
 
The European (EN1993-1.1) code is shown to be excessively conservative because (i) it considers 
both flexural-torsional buckling and local buckling in the strength calculation, and (ii) the column 
slenderness for flexural-torsional buckling does not approach to zero for short lengths as in the 
design for flexural buckling. The paper proposes a modification to EN1993-1.1, allowing (i) the 
area to be taken as the full area (A) irrespective of cross-section slenderness and (ii) the b-curve 
to be used rather than the c-curve currently specified. It is shown that adequate reliability is 
achieved using this approach without considering bending arising from the shift of the effective 
centroid, which is required to be accounted for in the current version of the code. 
 
The American (AISC-360) Specification is shown to be reliable for T-section columns with stocky 
cross-sections but seriously conservative for columns with slender cross-sections. Modifications to 
the specification for slender cross-sections are proposed which (i) enable the same rules to be 
used for slender and stocky cross-sections and (ii) allow the Q-factor of unity to be used for 
slender cross-sections. 
 
The proposed rules for the European and American specifications are shown to have comparable 
reliability to those of the current version of the Australian standard. This is remarkable seeing that 
the design approaches of the three specifications are completely different. The study shows that T-
section columns with slender cross-sections are not required to be design as beam-columns to 
account for the effect of the shift of the effective centroid, except for the Australian standard when 
the Ae/A-ratio is less than 0.8. 
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A.7 FIGURES 
 
 
Figure 1 – Deformation modes: a) Flexural buckling in the plane of symmetry, b) Flexural-torsional 
buckling mode, c) Flexure about symmetry axis, d) Pure torsional and local buckling modes, and e) 
Local buckling modes. 
 
 
 
 
Figure 2 – Warping definition in both normal and perpendicular directions of point A. 
 
 
 
 
 
Figure 3 – Geometric definition of a T-section. 
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Figure 4 – Buckling load for T-sections with: a) Ix < Iy and b) Ix > Iy. 
 
 
 
 
 
Figure 5 – Plate buckling coefficient for T-section with equal size flange and web elements. 
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Figure 6 – Plate buckling coefficient for T-section with stocky flanges and slender web for L/b<20. 
 
 
 
 
 
Figure 7 – Plate buckling coefficient for T-section with stocky flanges and slender web for L/b<100. 
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Figure 8 – Longitudinal stress distribution in T-section, a) pre-buckling stress and b) post-buckling 
stress. 
 
Figure 9 – Overall bending induced by the shift of the effective centroid. 
 
 
 
 
 
 
Figure 10 – (k1,k2)-space for T-sections. 
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(a) (b) 
 
Figure 11 – Finite Element Model of Column M01_L2, a) undeformed shape and b) deformed shape 
of first buckling mode. 
 
 
Figure 12 – Bilinear stress-strain diagram adopted for the FE material. 
 
 
 
 
 
Figure 13 – Cross-section geometries of the columns tested by Kitipornchai and Lee (1986), 
dimensions in mm. 
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Figure 14 – Residual stresses pattern for an I-section according to ECCS (1976). 
 
 
 
Figure 15 – N-series T-sections. 
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Figure 16 – T-sections obtained from standard I-sections. 
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Figure 17:  a) Deformed shape of Specimen N01_T1L4 at the ultimate load (amplified 10 times); 
b)  Force-displacement behaviour for specimen N01_T1L4. 
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Figure 18 – Relationship between the non-dimensional failure stress/yielding stress and: a) the 
normalised flexural slenderness (e), b) the normalised global slenderness (r). Note: In calculating 
r, the flexural-torsional buckling load includes secondary warping rigidity by determining Iw using 
eqn. (4). 
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A.8 TABLES 
 
 
  Cross section Dimensions1 Geometric Prop. Theoretical Elastic Buckling Loads 
 Abaqus 1st Fundamental Buckling 
Load 
Abaqus 2nd Fundamental Buckling 
Load 
ID B T H Tw L6 A Ncr,x4 Ncr,y Ncr,T Ncr,FT4 Ncr,1 
Type of 
Bucklin
g 
Ratio 
Ncr,abaqus/Ncr Ncr,2 
Type of 
Bucklin
g 
Ratio 
Ncr,abaqus/Ncr 
[-] [mm] [mm] [mm] [mm] [mm] [mm2] [kN] [kN] [kN] [kN] [kN] [-] [-] [kN] [-] [-] 
T1 75.6 10.0 75.0 6.4 685 1172 2386 1627 2854 1382 1419 FT 1.026 2373 F 0.994 
T2 75.6 10.0 75.0 6.4 785 1172 1817 1239 2829 1105 1125 FT 1.018 1800 F 0.991 
T3 133.5 7.8 99.5 5.8 1785 1573 828 1026 1108 776 778 FT 1.003 815 F 0.984 
T4 133.5 7.8 99.5 5.8 1985 1573 670 830 1105 680 661 F 0.987 682 FT 1.003 
T5 147.5 9.8 127.0 5.9 1785 2137 1783 1739 1575 1194 1170 FT 0.980       
T6 147.5 9.8 127.0 5.9 1985 2137 1441 1406 1570 1071 1058 FT 0.988       
F  flexural buckling about the horizontal axis 
FT  flexural-torsional buckling (flexural component about the vertical (symmetry) axis 
Table 1:  Geometric properties and buckling loads of T-section members tested by Kitipornchai and 
Lee (1986).  
 
  
Geometric 
Imperfections 
Ratio - 
L/dmax 
1500 1750 2000 
  Pult,test Pult,num Pnum/Ptest Error Pult,num Pnum/Ptest Error Pult,num Pnum/Ptest Error 
  [kN] [kN] [-] [-] [kN] [-] [-] [kN] [-] [-] 
T1 315 310.3 0.985 1.5% 311.4 0.989 1.1% 312.3 0.991 0.9% 
T2 320 294.7 0.921 7.9% 296.1 0.925 7.5% 297.2 0.929 7.1% 
T3 371 369.7 0.996 0.4% 371.7 1.002 -0.2% 373.3 1.006 -0.6% 
T4 385 347.5 0.903 9.7% 350.1 0.909 9.1% 351.6 0.913 8.7% 
T5 519 523.9 1.009 -0.9% 526.4 1.014 -1.4% 528.2 1.018 -1.8% 
T6 513 502.9 0.980 2.0% 505.6 0.986 1.4% 507.7 0.990 1.0% 
    Average (Ā) 0.966   Average (Ā) 0.971   Average (Ā) 0.975   
   
Standard 
Deviation 
() 
0.043   
Standard 
Deviation 
() 
0.043  
Standard 
Deviation 
() 
0.043  
Table 2:  Failure load of FE models considering geometric imperfections with different ratios of 
span/maximum displacement. 
 
 
  Cross section Dimensions1 Geometric Prop. Elastic Buckling Loads3 Ratios 
ID B T H Tw L6 A Ncr,x4 Ncr,y Ncr,T Ncr,FT4 e r NY/Ncr,T (Cw=0) Ixx/Iyy 
[-] [mm] [mm] [mm] [mm] [mm] [mm2] [kN] [kN] [kN] [kN] [-] [-] [-] [-] 
N01_T1L1 100.0 10.7 200.0 10.7 328 3095.5 2.52E+05 1.76E+04 1.67E+03 1.60E+03 0.25 0.83 1.0 14.34 
N01_T1L2 100.0 10.7 200.0 10.7 655 3095.5 6.31E+04 4.40E+03 1.25E+03 1.08E+03 0.50 1.01 1.0 14.34 
N01_T1L3 100.0 10.7 200.0 10.7 1310 3095.5 1.58E+04 1.10E+03 1.14E+03 6.60E+02 1.00 1.29 1.0 14.34 
N01_T1L4 100.0 10.7 200.0 10.7 2621 3095.5 3.94E+03 2.75E+02 1.11E+03 2.42E+02 2.00 2.13 1.0 14.34 
N01_T1L5 100.0 10.7 200.0 10.7 5243 3095.5 9.85E+02 6.87E+01 1.11E+03 6.66E+01 4.00 4.06 1.0 14.34 
N01_T1L6 100.0 10.7 200.0 10.7 134 3095.5 1.50E+06 1.05E+05 4.49E+03 4.40E+03 0.10 0.50 1.0 14.34 
N01_T2L1 100.0 8.8 200.0 8.8 325 2562.6 2.14E+05 1.46E+04 9.36E+02 9.07E+02 0.25 1.00 1.5 14.66 
N01_T2L2 100.0 8.8 200.0 8.8 650 2562.6 5.34E+04 3.65E+03 6.93E+02 6.29E+02 0.50 1.20 1.5 14.66 
N01_T2L3 100.0 8.8 200.0 8.8 1301 2562.6 1.34E+04 9.11E+02 6.32E+02 4.37E+02 1.00 1.44 1.5 14.66 
N01_T2L4 100.0 8.8 200.0 8.8 2603 2562.6 3.34E+03 2.28E+02 6.17E+02 1.88E+02 2.00 2.20 1.5 14.66 
N01_T2L5 100.0 8.8 200.0 8.8 5208 2562.6 8.33E+02 5.69E+01 6.13E+02 5.43E+01 4.00 4.09 1.5 14.66 
N01_T2L6 100.0 8.8 200.0 8.8 106 2562.6 2.03E+06 1.39E+05 3.69E+03 3.64E+03 0.08 0.50 1.5 14.66 
N01_T2L7 100.0 8.8 200.0 8.8 202 2562.6 5.53E+05 3.78E+04 1.45E+03 1.42E+03 0.16 0.80 1.5 14.66 
N01_T3L1 100.0 7.6 200.0 7.6 325 2222.2 1.86E+05 1.25E+04 6.03E+02 5.89E+02 0.25 1.16 2.0 14.86 
N01_T3L2 100.0 7.6 200.0 7.6 648 2222.2 4.70E+04 3.16E+03 4.46E+02 4.16E+02 0.50 1.38 2.0 14.86 
N01_T3L3 100.0 7.6 200.0 7.6 1296 2222.2 1.17E+04 7.90E+02 4.07E+02 3.10E+02 1.00 1.60 2.0 14.86 
N01_T3L4 100.0 7.6 200.0 7.6 2593 2222.2 2.93E+03 1.97E+02 3.97E+02 1.52E+02 2.00 2.28 2.0 14.86 
N01_T3L5 100.0 7.6 200.0 7.6 5188 2222.2 7.33E+02 4.93E+01 3.94E+02 4.63E+01 4.00 4.13 2.0 14.86 
N01_T3L6 100.0 7.6 200.0 7.6 89 2222.2 2.49E+06 1.67E+05 3.19E+03 3.16E+03 0.07 0.50 2.0 14.86 
N01_T3L7 100.0 7.6 200.0 7.6 161 2222.2 7.60E+05 5.12E+04 1.25E+03 1.23E+03 0.12 0.80 2.0 14.86 
N01_T4L1 100.0 14.9 200.0 14.9 333 4248.0 3.28E+05 2.41E+04 4.47E+03 4.07E+03 0.25 0.61 0.5 13.60 
N01_T4L2 100.0 14.9 200.0 14.9 666 4248.0 8.20E+04 6.03E+03 3.38E+03 2.51E+03 0.50 0.78 0.5 13.60 
N01_T4L3 100.0 14.9 200.0 14.9 1333 4248.0 2.05E+04 1.51E+03 3.10E+03 1.17E+03 1.00 1.14 0.5 13.60 
N01_T4L4 100.0 14.9 200.0 14.9 2666 4248.0 5.13E+03 3.77E+02 3.03E+03 3.54E+02 2.00 2.06 0.5 13.60 
N01_T4L5 100.0 14.9 200.0 14.9 5332 4248.0 1.28E+03 9.43E+01 3.02E+03 9.28E+01 4.00 4.03 0.5 13.60 
N01_T4L6 100.0 14.9 200.0 14.9 219 4248.0 7.58E+05 5.58E+04 6.39E+03 6.04E+03 0.16 0.50 0.5 13.60 
N01_T5L1 100.0 6.8 200.0 6.8 323 1993.8 1.70E+05 1.13E+04 4.33E+02 4.25E+02 0.25 1.29 2.5 14.99 
N01_T5L2 100.0 6.8 200.0 6.8 647 1993.8 4.24E+04 2.83E+03 3.19E+02 3.02E+02 0.50 1.53 2.5 14.99 
N01_T5L3 100.0 6.8 200.0 6.8 1294 1993.8 1.06E+04 7.08E+02 2.91E+02 2.34E+02 1.00 1.74 2.5 14.99 
N01_T5L4 100.0 6.8 200.0 6.8 2588 1993.8 2.65E+03 1.77E+02 2.84E+02 1.27E+02 2.00 2.36 2.5 14.99 
N01_T5L5 100.0 6.8 200.0 6.8 5176 1993.8 6.63E+02 4.42E+01 2.82E+02 4.09E+01 4.00 4.16 2.5 14.99 
N01_T5L6 100.0 6.8 200.0 6.8 138 1993.8 9.30E+05 6.20E+04 1.11E+03 1.10E+03 0.11 0.80 2.5 14.99 
N02_T1L1 100.0 4.0 73.4 4.0 423 677.8 3.85E+03 3.86E+03 2.54E+02 2.51E+02 0.25 0.98 1.0 1.00 
N02_T1L2 100.0 4.0 73.4 4.0 847 677.8 9.64E+02 9.65E+02 2.47E+02 2.33E+02 0.50 1.02 1.0 1.00 
N02_T1L3 100.0 4.0 73.4 4.0 1693 677.8 2.41E+02 2.41E+02 2.45E+02 1.70E+02 1.00 1.19 1.0 1.00 
N02_T1L4 100.0 4.0 73.4 4.0 3389 677.8 6.02E+01 6.02E+01 2.44E+02 5.70E+01 2.00 2.05 1.0 1.00 
N02_T1L5 100.0 4.0 73.4 4.0 6777 677.8 1.50E+01 1.51E+01 2.44E+02 1.49E+01 4.00 4.02 1.0 1.00 
N02_T1L6 100.0 4.0 73.4 4.0 51 677.8 2.66E+05 2.66E+05 9.64E+02 9.64E+02 0.03 0.50 1.0 1.00 
N02_T1L7 100.0 4.0 73.4 4.0 144 677.8 3.32E+04 3.32E+04 3.34E+02 3.33E+02 0.09 0.85 1.0 1.00 
N02_T2L1 100.0 3.2 73.1 3.2 423 543.6 3.09E+03 3.09E+03 1.31E+02 1.30E+02 0.25 1.22 1.5 1.00 
N02_T2L2 100.0 3.2 73.1 3.2 847 543.6 7.72E+02 7.72E+02 1.27E+02 1.22E+02 0.50 1.26 1.5 1.00 
N02_T2L3 100.0 3.2 73.1 3.2 1693 543.6 1.93E+02 1.93E+02 1.26E+02 1.03E+02 1.00 1.37 1.5 1.00 
N02_T2L4 100.0 3.2 73.1 3.2 3386 543.6 4.83E+01 4.82E+01 1.25E+02 4.38E+01 2.00 2.10 1.5 1.00 
N02_T2L5 100.0 3.2 73.1 3.2 6772 543.6 1.21E+01 1.21E+01 1.25E+02 1.18E+01 4.00 4.04 1.5 1.00 
N02_T2L6 100.0 3.2 73.1 3.2 39 543.6 3.73E+05 3.73E+05 7.72E+02 7.72E+02 0.02 0.50 1.5 1.00 
N02_T2L7 100.0 3.2 73.1 3.2 82 543.6 8.18E+04 8.18E+04 2.67E+02 2.67E+02 0.05 0.85 1.5 1.00 
N02_T3L1 100.0 2.8 72.9 2.8 423 476.1 2.70E+03 2.70E+03 8.76E+01 8.71E+01 0.25 1.39 2.0 1.00 
N02_T3L2 100.0 2.8 72.9 2.8 847 476.1 6.75E+02 6.75E+02 8.49E+01 8.28E+01 0.50 1.43 2.0 1.00 
N02_T3L3 100.0 2.8 72.9 2.8 1691 476.1 1.69E+02 1.69E+02 8.43E+01 7.37E+01 1.00 1.51 2.0 1.00 
N02_T3L4 100.0 2.8 72.9 2.8 3384 476.1 4.23E+01 4.23E+01 8.41E+01 3.69E+01 2.00 2.14 2.0 1.00 
N02_T3L5 100.0 2.8 72.9 2.8 6768 476.1 1.06E+01 1.06E+01 8.41E+01 1.03E+01 4.00 4.05 2.0 1.00 
N02_T3L6 100.0 2.8 72.9 2.8 33 476.1 4.45E+05 4.45E+05 6.76E+02 6.76E+02 0.02 0.50 2.0 1.00 
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N02_T3L7 100.0 2.8 72.9 2.8 65 476.1 1.13E+05 1.13E+05 2.35E+02 2.34E+02 0.04 0.85 2.0 1.00 
N02_T4L1 100.0 5.6 74.3 5.6 423 944.8 5.41E+03 5.41E+03 6.94E+02 6.76E+02 0.25 0.70 0.5 1.00 
N02_T4L2 100.0 5.6 74.3 5.6 850 944.8 1.34E+03 1.34E+03 6.72E+02 5.87E+02 0.50 0.76 0.5 1.00 
N02_T4L3 100.0 5.6 74.3 5.6 1700 944.8 3.35E+02 3.35E+02 6.67E+02 2.92E+02 1.00 1.07 0.5 1.00 
N02_T4L4 100.0 5.6 74.3 5.6 3400 944.8 8.38E+01 8.38E+01 6.66E+02 8.17E+01 2.00 2.03 0.5 1.00 
N02_T4L5 100.0 5.6 74.3 5.6 6800 944.8 2.10E+01 2.10E+01 6.65E+02 2.08E+01 4.00 4.01 0.5 1.00 
N02_T4L6 100.0 5.6 74.3 5.6 86 944.8 1.30E+05 1.30E+05 1.35E+03 1.35E+03 0.05 0.50 0.5 1.00 
N02_T5L1 100.0 2.5 72.7 2.5 423 425.5 2.41E+03 2.41E+03 6.24E+01 6.21E+01 0.25 1.56 2.5 1.00 
N02_T5L2 100.0 2.5 72.7 2.5 846 425.5 6.05E+02 6.04E+02 6.05E+01 5.93E+01 0.50 1.60 2.5 1.00 
N02_T5L3 100.0 2.5 72.7 2.5 1691 425.5 1.51E+02 1.51E+02 6.00E+01 5.43E+01 1.00 1.67 2.5 1.00 
N02_T5L4 100.0 2.5 72.7 2.5 3382 425.5 3.78E+01 3.78E+01 5.99E+01 3.13E+01 2.00 2.20 2.5 1.00 
N02_T5L5 100.0 2.5 72.7 2.5 6764 425.5 9.45E+00 9.44E+00 5.99E+01 9.13E+00 4.00 4.07 2.5 1.00 
N02_T5L6 100.0 2.5 72.7 2.5 51 425.5 1.66E+05 1.66E+05 2.36E+02 2.36E+02 0.03 0.80 2.5 1.00 
N03_T1L1 200.0 6.1 50.0 6.1 212 1487.8 8.45E+03 1.87E+05 7.36E+02 7.36E+02 0.25 0.85 1.0 0.05 
N03_T1L2 200.0 6.1 50.0 6.1 425 1487.8 2.11E+03 4.67E+04 5.77E+02 5.77E+02 0.50 0.96 1.0 0.05 
N03_T1L3 200.0 6.1 50.0 6.1 850 1487.8 5.28E+02 1.17E+04 5.38E+02 5.37E+02 1.00 1.00 1.0 0.05 
N03_T1L4 200.0 6.1 50.0 6.1 1700 1487.8 1.32E+02 2.92E+03 5.28E+02 5.27E+02 2.00 2.00 1.0 0.05 
N03_T1L5 200.0 6.1 50.0 6.1 3399 1487.8 3.30E+01 7.30E+02 5.25E+02 5.16E+02 4.00 4.00 1.0 0.05 
N03_T1L6 200.0 6.1 50.0 6.1 78 1487.8 6.34E+04 1.40E+06 2.11E+03 2.11E+03 0.09 0.50 1.0 0.05 
N03_T2L1 200.0 5.0 50.0 5.0 215 1225.0 6.96E+03 1.50E+05 4.05E+02 4.05E+02 0.25 1.04 1.5 0.05 
N03_T2L2 200.0 5.0 50.0 5.0 430 1225.0 1.74E+03 3.75E+04 3.19E+02 3.19E+02 0.50 1.17 1.5 0.05 
N03_T2L3 200.0 5.0 50.0 5.0 859 1225.0 4.35E+02 9.36E+03 2.97E+02 2.97E+02 1.00 1.21 1.5 0.05 
N03_T2L4 200.0 5.0 50.0 5.0 1718 1225.0 1.09E+02 2.34E+03 2.92E+02 2.92E+02 2.00 2.00 1.5 0.05 
N03_T2L5 200.0 5.0 50.0 5.0 3436 1225.0 2.72E+01 5.85E+02 2.91E+02 2.89E+02 4.00 4.00 1.5 0.05 
N03_T2L6 200.0 5.0 50.0 5.0 60 1225.0 8.81E+04 1.90E+06 1.74E+03 1.74E+03 0.07 0.50 1.5 0.05 
N03_T2L7 200.0 5.0 50.0 5.0 130 1225.0 1.89E+04 4.08E+05 6.02E+02 6.02E+02 0.15 0.85 1.5 0.05 
N03_T3L1 200.0 4.3 50.0 4.3 216 1056.5 6.00E+03 1.27E+05 2.57E+02 2.57E+02 0.25 1.21 2.0 0.05 
N03_T3L2 200.0 4.3 50.0 4.3 433 1056.5 1.50E+03 3.17E+04 2.03E+02 2.03E+02 0.50 1.36 2.0 0.05 
N03_T3L3 200.0 4.3 50.0 4.3 865 1056.5 3.75E+02 7.94E+03 1.90E+02 1.90E+02 1.00 1.41 2.0 0.05 
N03_T3L4 200.0 4.3 50.0 4.3 1731 1056.5 9.38E+01 1.98E+03 1.86E+02 1.86E+02 2.00 2.00 2.0 0.05 
N03_T3L5 200.0 4.3 50.0 4.3 3461 1056.5 2.34E+01 4.96E+02 1.86E+02 1.85E+02 4.00 4.00 2.0 0.05 
N03_T3L6 200.0 4.3 50.0 4.3 51 1056.5 1.10E+05 2.32E+06 1.50E+03 1.50E+03 0.06 0.50 2.0 0.05 
N03_T3L7 200.0 4.3 50.0 4.3 100 1056.5 2.79E+04 5.90E+05 5.20E+02 5.20E+02 0.12 0.85 2.0 0.05 
N03_T4L1 200.0 8.7 50.0 8.7 208 2099.3 1.19E+04 2.79E+05 2.14E+03 2.14E+03 0.25 0.59 0.5 0.04 
N03_T4L2 200.0 8.7 50.0 8.7 415 2099.3 2.98E+03 6.97E+04 1.66E+03 1.66E+03 0.50 0.67 0.5 0.04 
N03_T4L3 200.0 8.7 50.0 8.7 831 2099.3 7.45E+02 1.74E+04 1.54E+03 1.54E+03 1.00 1.00 0.5 0.04 
N03_T4L4 200.0 8.7 50.0 8.7 1662 2099.3 1.86E+02 4.36E+03 1.51E+03 1.51E+03 2.00 2.00 0.5 0.04 
N03_T4L5 200.0 8.7 50.0 8.7 3323 2099.3 4.66E+01 1.09E+03 1.50E+03 1.07E+03 4.00 4.00 0.5 0.04 
N03_T4L6 200.0 8.7 50.0 8.7 136 2099.3 2.78E+04 6.51E+05 2.98E+03 2.98E+03 0.16 0.50 0.5 0.04 
M01L1_610UB101 228.0 14.8 301.0 10.6 911 6408.1 1.42E+05 3.65E+04 1.97E+03 1.94E+03 0.25 1.08 1.3 3.89 
M01L2_610UB101 228.0 14.8 301.0 10.6 1826 6408.1 3.54E+04 9.10E+03 1.85E+03 1.72E+03 0.50 1.15 1.3 3.89 
M01L3_610UB101 228.0 14.8 301.0 10.6 3651 6408.1 8.86E+03 2.28E+03 1.81E+03 1.29E+03 1.00 1.33 1.3 3.89 
M01L4_610UB101 228.0 14.8 301.0 10.6 7306 6408.1 2.21E+03 5.69E+02 1.81E+03 5.07E+02 2.00 2.12 1.3 3.89 
M01L5_610UB101 228.0 14.8 301.0 10.6 14612 6408.1 5.53E+02 1.42E+02 1.80E+03 1.39E+02 4.00 4.05 1.3 3.89 
M01L6_610UB101 228.0 14.8 301.0 10.6 138 6408.1 6.16E+06 1.58E+06 9.15E+03 9.13E+03 0.04 0.50 1.3 3.89 
M01L7_610UB101 228.0 14.8 301.0 10.6 322 6408.1 1.14E+06 2.93E+05 3.16E+03 3.15E+03 0.09 0.85 1.3 3.89 
M02L1_460UB67.1 190.0 12.7 227.0 8.5 789 4234.6 6.79E+04 2.42E+04 1.69E+03 1.66E+03 0.25 0.95 0.9 2.80 
M02L2_460UB67.1 190.0 12.7 227.0 8.5 1582 4234.6 1.69E+04 6.02E+03 1.61E+03 1.48E+03 0.50 1.01 0.9 2.80 
M02L3_460UB67.1 190.0 12.7 227.0 8.5 3164 4234.6 4.22E+03 1.51E+03 1.59E+03 1.02E+03 1.00 1.21 0.9 2.80 
M02L4_460UB67.1 190.0 12.7 227.0 8.5 6332 4234.6 1.05E+03 3.76E+02 1.59E+03 3.49E+02 2.00 2.07 0.9 2.80 
M02L5_460UB67.1 190.0 12.7 227.0 8.5 12664 4234.6 2.63E+02 9.40E+01 1.59E+03 9.24E+01 4.00 4.03 0.9 2.80 
M02L6_460UB67.1 190.0 12.7 227.0 8.5 121 4234.6 2.88E+06 1.03E+06 6.04E+03 6.03E+03 0.04 0.50 0.9 2.80 
M02L7_460UB67.1 190.0 12.7 227.0 8.5 359 4234.6 3.28E+05 1.17E+05 2.09E+03 2.08E+03 0.11 0.85 0.9 2.80 
M03L1_310UB32.0 149.0 8.0 149.0 5.5 639 1967.5 1.98E+04 1.12E+04 7.15E+02 7.04E+02 0.25 1.00 1.0 1.77 
M03L2_310UB32.0 149.0 8.0 149.0 5.5 1279 1967.5 4.94E+03 2.80E+03 6.90E+02 6.48E+02 0.50 1.04 1.0 1.77 
M03L3_310UB32.0 149.0 8.0 149.0 5.5 2558 1967.5 1.24E+03 6.99E+02 6.84E+02 4.72E+02 1.00 1.22 1.0 1.77 
M03L4_310UB32.0 149.0 8.0 149.0 5.5 5119 1967.5 3.08E+02 1.75E+02 6.82E+02 1.63E+02 2.00 2.07 1.0 1.77 
M03L5_310UB32.0 149.0 8.0 149.0 5.5 10237 1967.5 7.71E+01 4.37E+01 6.82E+02 4.30E+01 4.00 4.03 1.0 1.77 
M03L6_310UB32.0 149.0 8.0 149.0 5.5 80 1967.5 1.27E+06 7.16E+05 2.80E+03 2.79E+03 0.03 0.50 1.0 1.77 
M03L7_310UB32.0 149.0 8.0 149.0 5.5 217 1967.5 1.72E+05 9.73E+04 9.69E+02 9.67E+02 0.08 0.85 1.0 1.77 
M04L1_200UB25.4 133.0 7.8 101.0 5.8 549 1578.0 8.97E+03 1.05E+04 1.10E+03 1.08E+03 0.25 0.72 0.5 0.85 
M04L2_200UB25.4 133.0 7.8 101.0 5.8 1097 1578.0 2.24E+03 2.64E+03 1.07E+03 9.82E+02 0.50 0.76 0.5 0.85 
M04L3_200UB25.4 133.0 7.8 101.0 5.8 2194 1578.0 5.61E+02 6.59E+02 1.06E+03 5.66E+02 1.00 1.00 0.5 0.85 
M04L4_200UB25.4 133.0 7.8 101.0 5.8 4391 1578.0 1.40E+02 1.65E+02 1.06E+03 1.60E+02 2.00 2.00 0.5 0.85 
M04L5_200UB25.4 133.0 7.8 101.0 5.8 8782 1578.0 3.50E+01 4.11E+01 1.05E+03 4.09E+01 4.00 4.00 0.5 0.85 
M04L6_200UB25.4 133.0 7.8 101.0 5.8 103 1578.0 2.55E+05 3.00E+05 2.24E+03 2.24E+03 0.05 0.50 0.5 0.85 
M05L1_200UB18.2 99.0 7.0 99.0 4.5 433 1107.0 1.03E+04 6.26E+03 7.07E+02 6.90E+02 0.25 0.75 0.6 1.64 
M05L2_200UB18.2 99.0 7.0 99.0 4.5 864 1107.0 2.58E+03 1.57E+03 6.85E+02 6.08E+02 0.50 0.80 0.6 1.64 
M05L3_200UB18.2 99.0 7.0 99.0 4.5 1728 1107.0 6.46E+02 3.93E+02 6.80E+02 3.30E+02 1.00 1.09 0.6 1.64 
M05L4_200UB18.2 99.0 7.0 99.0 4.5 3458 1107.0 1.61E+02 9.82E+01 6.78E+02 9.51E+01 2.00 2.03 0.6 1.64 
M05L5_200UB18.2 99.0 7.0 99.0 4.5 6915 1107.0 4.03E+01 2.46E+01 6.78E+02 2.44E+01 4.00 4.02 0.6 1.64 
M05L6_200UB18.2 99.0 7.0 99.0 4.5 78 1107.0 3.14E+05 1.91E+05 1.58E+03 1.57E+03 0.05 0.50 0.6 1.64 
Table 3:  Geometric properties and elastic buckling modes of Series N and M T-section columns. 
 
 
 
  
 
Test or FE 
strength 
AS4100 EC3-1.1 AISC360 
Modified EC3-1.1 Modified AISC360 
Iw=0 Iw>0 
Iw=0 Iw=0 Iw>0 Iw>0 
Fcry(Q<1) Fcry(Q=1) Fcry(Q<1) Fcry(Q=1) 
ID e Nu Failure Ae/A Nu/Nc Aeff/A Nu/Nb,Rk Q Nu/Pn Nu/Nb,Rk Nu/Nb,Rk Nu/Pn Nu/Pn Nu/Pn Nu/Pn 
[-] [-] [kN] Type [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) 
                                T1 0.46 315 FT 1.00 1.12 1.00 1.07 1.00 1.00 1.02 1.02 1.00 1.00 1.00 1.00 
T2 0.53 320 FT 1.00 1.21 1.00 1.13 1.00 1.05 1.07 1.06 1.05 1.05 1.05 1.05 
T3 0.75 371 FT 0.97 1.30 0.95 1.21 1.00 1.02 1.07 1.07 1.02 1.02 1.02 1.02 
T4 0.84 385 F 0.97 1.47 0.95 1.32 1.00 1.10 1.17 1.17 1.10 1.10 1.10 1.10 
T5 0.61 519 P 0.91 1.23 0.90 1.24 0.92 1.08 1.06 1.06 1.08 1.01 1.07 1.01 
T6 0.68 513 FT 0.91 1.29 0.90 1.26 0.92 1.09 1.08 1.08 1.10 1.03 1.10 1.03 
                                N01_T1L1 0.25 1007 FT 0.84 1.14 0.82 1.90 0.97 1.43 1.56 1.30 1.60 1.57 1.35 1.32 
N01_T1L2 0.50 830 FT 0.84 1.11 0.82 1.64 0.97 1.23 1.36 1.28 1.37 1.35 1.30 1.28 
N01_T1L3 1.00 538 FT 0.84 1.11 0.82 1.35 0.97 1.00 1.15 1.13 1.07 1.05 1.05 1.04 
N01_T1L4 2.00 211 FT 0.84 1.06 0.82 1.13 0.97 1.00 1.03 1.03 0.98 0.98 0.98 0.98 
N01_T1L5 4.00 58.4 FT 0.84 0.98 0.82 1.00 0.97 1.00 0.95 0.95 1.00 1.00 1.00 1.00 
N01_T1L6 0.10 1119 FT 0.84 1.21 0.82 2.09 0.97 1.57 1.71 1.15 1.75 1.73 1.19 1.16 
N01_T2L1 0.25 720 FT 0.75 1.10 0.74 2.11 0.77 1.68 1.71 1.33 1.89 1.70 1.55 1.34 
N01_T2L2 0.50 550 FT 0.75 0.98 0.74 1.67 0.77 1.32 1.37 1.27 1.49 1.34 1.40 1.24 
N01_T2L3 1.00 379 FT 0.75 1.00 0.74 1.38 0.77 1.07 1.16 1.14 1.16 1.06 1.15 1.05 
N01_T2L4 2.00 166 FT 0.75 1.03 0.74 1.15 0.77 1.01 1.04 1.04 0.99 0.99 0.99 0.99 
N01_T2L5 4.00 47.9 FT 0.75 0.97 0.74 1.01 0.77 1.01 0.96 0.96 1.00 1.00 1.00 1.00 
N01_T2L6 0.08 942 FT 0.75 1.38 0.74 2.73 0.77 2.17 2.22 1.17 2.45 2.20 1.49 1.35 
N01_T2L7 0.16 850 FT 0.75 1.25 0.74 2.48 0.77 1.97 2.01 1.29 2.22 2.00 1.58 1.31 
N01_T3L1 0.25 508 FT 0.69 0.97 0.69 2.12 0.59 1.81 1.74 1.28 2.04 1.69 1.66 1.28 
N01_T3L2 0.50 380 FT 0.69 0.84 0.69 1.63 0.59 1.38 1.35 1.23 1.56 1.29 1.46 1.19 
N01_T3L3 1.00 277 FT 0.69 0.89 0.69 1.37 0.59 1.13 1.16 1.14 1.24 1.05 1.23 1.03 
N01_T3L4 2.00 136 FT 0.69 0.99 0.69 1.16 0.59 1.02 1.04 1.04 0.99 0.99 0.99 0.99 
N01_T3L5 4.00 41.0 FT 0.69 0.97 0.69 1.01 0.59 1.01 0.96 0.96 1.00 1.00 1.00 1.00 
N01_T3L6 0.07 828 FT 0.69 1.52 0.69 3.41 0.59 2.92 2.80 1.19 3.30 2.74 1.92 1.78 
N01_T3L7 0.12 746 FT 0.69 1.37 0.69 3.08 0.59 2.64 2.53 1.31 2.98 2.47 1.96 1.60 
N01_T4L1 0.25 1501 FT 1 1.06 0.96 1.45 1 1.32 1.30 1.20 1.32 1.32 1.32 1.32 
N01_T4L2 0.50 1332 FT 1 1.13 0.96 1.38 1 1.24 1.23 1.19 1.24 1.24 1.24 1.24 
N01_T4L3 1.00 837 FT 1 1.15 0.96 1.22 1 1.00 1.09 1.08 1.00 1.00 1.00 1.00 
N01_T4L4 2.00 304 FT 1 1.07 0.96 1.09 1 0.97 1.02 1.02 0.97 0.97 0.97 0.97 
  
N01_T4L5 4.00 81.2 FT 1 0.98 0.96 0.98 1 1.00 0.95 0.95 1.00 1.00 1.00 1.00 
N01_T4L6 0.16 1508 FT 1 1.01 0.96 1.44 1 1.31 1.29 1.13 1.31 1.31 1.31 1.31 
N01_T5L1 0.25 379 FT 0.65 0.85 0.66 2.08 0.47 1.88 1.73 1.24 2.12 1.67 1.73 1.22 
N01_T5L2 0.50 285 FT 0.65 0.73 0.66 1.61 0.47 1.44 1.34 1.22 1.62 1.28 1.52 1.16 
N01_T5L3 1.00 218 FT 0.65 0.80 0.66 1.38 0.47 1.20 1.17 1.15 1.33 1.07 1.31 1.04 
N01_T5L4 2.00 114 FT 0.65 0.94 0.66 1.16 0.47 1.03 1.04 1.04 1.00 0.99 1.00 0.98 
N01_T5L5 4.00 36.3 FT 0.65 0.96 0.66 1.02 0.47 1.01 0.96 0.96 1.00 1.00 1.00 1.00 
N01_T5L6 0.11 678 FT 0.65 1.47 0.66 3.70 0.47 3.34 3.07 1.32 3.78 2.97 2.37 2.03 
N02_T1L1 0.25 200 FT 0.91 0.97 0.87 1.65 0.99 1.27 1.39 1.36 1.21 1.20 1.19 1.18 
N02_T1L2 0.50 184 FT 0.91 1.06 0.87 1.55 0.99 1.19 1.31 1.30 1.16 1.15 1.15 1.14 
N02_T1L3 1.00 130 FT 0.91 1.18 0.87 1.30 0.99 0.99 1.12 1.12 1.00 1.00 1.00 1.00 
N02_T1L4 2.00 45.9 FT 0.91 1.03 0.87 1.04 0.99 0.92 0.96 0.96 0.91 0.91 0.91 0.91 
N02_T1L5 4.00 12.1 FT 0.91 0.92 0.87 0.92 0.99 0.93 0.88 0.88 0.93 0.93 0.93 0.93 
N02_T1L6 0.03 252 FT 0.91 1.15 0.87 2.06 0.99 1.59 1.74 1.18 1.50 1.49 1.12 1.11 
N02_T1L7 0.09 220 FT 0.91 1.01 0.87 1.80 0.99 1.39 1.52 1.32 1.31 1.30 1.16 1.15 
N02_T2L1 0.25 113 FT 0.78 0.79 0.73 1.60 0.76 1.27 1.30 1.26 1.22 1.11 1.19 1.08 
N02_T2L2 0.50 110 FT 0.78 0.90 0.73 1.57 0.76 1.24 1.28 1.27 1.21 1.10 1.20 1.09 
N02_T2L3 1.00 87.8 FT 0.78 1.08 0.73 1.39 0.76 1.08 1.15 1.15 1.09 1.00 1.09 1.00 
N02_T2L4 2.00 37.0 FT 0.78 1.08 0.73 1.11 0.76 0.96 1.00 1.00 0.95 0.95 0.95 0.95 
N02_T2L5 4.00 9.80 FT 0.78 0.94 0.73 0.95 0.76 0.94 0.90 0.90 0.94 0.94 0.94 0.94 
N02_T2L6 0.02 208 FT 0.78 1.39 0.73 2.92 0.76 2.31 2.36 1.22 2.21 2.02 1.47 1.41 
N02_T2L7 0.05 178 FT 0.78 1.19 0.73 2.50 0.76 1.97 2.02 1.33 1.89 1.72 1.41 1.21 
N02_T3L1 0.25 87.4 FT 0.68 0.79 0.65 1.73 0.60 1.43 1.39 1.34 1.38 1.20 1.34 1.16 
N02_T3L2 0.50 83.7 FT 0.68 0.88 0.65 1.68 0.60 1.38 1.35 1.34 1.34 1.16 1.34 1.15 
N02_T3L3 1.00 64.2 FT 0.68 0.97 0.65 1.38 0.60 1.13 1.13 1.13 1.13 0.97 1.13 0.97 
N02_T3L4 2.00 31.6 FT 0.68 1.08 0.65 1.14 0.60 0.98 1.01 1.01 0.96 0.96 0.96 0.96 
N02_T3L5 4.00 8.60 FT 0.68 0.95 0.65 0.96 0.60 0.95 0.91 0.91 0.95 0.95 0.95 0.95 
N02_T3L6 0.02 186 FT 0.68 1.63 0.65 3.66 0.60 3.03 2.94 1.24 2.91 2.53 1.88 1.82 
N02_T3L7 0.04 161 FT 0.68 1.41 0.65 3.17 0.60 2.62 2.54 1.37 2.52 2.19 1.77 1.58 
N02_T4L1 0.25 331 FT 1 1.05 0.98 1.41 1 1.16 1.28 1.26 1.16 1.16 1.16 1.16 
N02_T4L2 0.50 286 FT 1 1.10 0.98 1.26 1 1.07 1.14 1.14 1.07 1.07 1.07 1.07 
N02_T4L3 1.00 191 FT 1 1.18 0.98 1.15 1 0.94 1.03 1.03 0.94 0.94 0.94 0.94 
N02_T4L4 2.00 65.8 FT 1 1.04 0.98 1.03 1 0.92 0.96 0.96 0.92 0.92 0.92 0.92 
N02_T4L5 4.00 16.9 FT 1 0.91 0.98 0.91 1 0.92 0.88 0.88 0.92 0.92 0.92 0.92 
N02_T4L6 0.05 338 FT 1 1.01 0.98 1.42 1 1.16 1.29 1.14 1.16 1.16 1.16 1.16 
N02_T5L1 0.25 72.3 FT 0.60 0.82 0.59 1.92 0.48 1.66 1.54 1.49 1.59 1.34 1.55 1.29 
N02_T5L2 0.50 67.5 FT 0.60 0.87 0.59 1.81 0.48 1.56 1.46 1.45 1.51 1.26 1.50 1.25 
  
N02_T5L3 1.00 55.3 FT 0.60 1.01 0.59 1.57 0.48 1.33 1.28 1.27 1.33 1.10 1.32 1.10 
N02_T5L4 2.00 27.1 FT 0.60 1.07 0.59 1.16 0.48 0.99 1.01 1.01 0.97 0.96 0.97 0.96 
N02_T5L5 4.00 7.60 FT 0.60 0.95 0.59 0.97 0.48 0.95 0.90 0.90 0.94 0.94 0.94 0.94 
N02_T5L6 0.03 150 FT 0.60 1.65 0.59 3.98 0.48 3.43 3.19 1.37 3.29 2.77 2.22 2.06 
N03_T1L1 0.25 483 FT 0.87 1.11 0.82 1.87 0.92 1.47 1.54 1.32 1.05 1.02 1.02 1.02 
N03_T1L2 0.50 445 FT 0.87 1.21 0.82 1.73 0.92 1.35 1.42 1.35 1.01 1.01 1.01 1.01 
N03_T1L3 1.00 396 FT 0.87 1.67 0.82 1.54 0.92 1.20 1.26 1.25 1.20 1.20 1.20 1.20 
N03_T1L4 2.00 114 F 0.87 1.17 0.82 1.13 0.92 0.98 1.03 1.03 0.98 0.98 0.98 0.98 
N03_T1L5 4.00 28.3 F 0.87 0.98 0.82 0.97 0.92 0.98 0.93 0.93 0.98 0.98 0.98 0.98 
N03_T1L6 0.09 535 FT 0.87 1.16 0.82 2.08 0.92 1.63 1.70 1.15 1.16 1.11 1.11 1.11 
N03_T2L1 0.25 336 FT 0.75 1.08 0.73 2.06 0.81 1.59 1.66 1.34 1.19 1.17 0.99 0.98 
N03_T2L2 0.50 306 FT 0.75 1.15 0.73 1.88 0.81 1.45 1.51 1.42 1.09 1.07 1.01 0.98 
N03_T2L3 1.00 271 FT 0.75 1.51 0.73 1.67 0.81 1.28 1.34 1.32 1.08 1.08 1.08 1.08 
N03_T2L4 2.00 92.9 F 0.75 1.21 0.73 1.15 0.81 0.97 1.02 1.02 0.97 0.97 0.97 0.97 
N03_T2L5 4.00 23.2 F 0.75 0.99 0.73 0.98 0.81 0.97 0.93 0.93 0.97 0.97 0.97 0.97 
N03_T2L6 0.07 446 FT 0.75 1.38 0.73 2.74 0.81 2.11 2.21 1.16 1.58 1.56 1.27 1.27 
N03_T2L7 0.15 382 FT 0.75 1.18 0.73 2.35 0.81 1.81 1.89 1.27 1.36 1.34 1.10 1.10 
N03_T3L1 0.25 263 FT 0.67 1.09 0.66 2.33 0.71 1.81 1.89 1.48 1.44 1.43 1.10 1.04 
N03_T3L2 0.50 248 FT 0.67 1.19 0.66 2.20 0.71 1.70 1.78 1.66 1.36 1.35 1.25 1.23 
N03_T3L3 1.00 213 FT 0.67 1.46 0.66 1.89 0.71 1.46 1.52 1.49 1.17 1.16 1.14 1.13 
N03_T3L4 2.00 79.3 F 0.67 1.23 0.66 1.16 0.71 0.96 1.01 1.01 0.96 0.96 0.96 0.96 
N03_T3L5 4.00 19.7 F 0.67 0.98 0.66 0.97 0.71 0.96 0.91 0.91 0.96 0.96 0.96 0.96 
N03_T3L6 0.06 389 FT 0.67 1.56 0.66 3.45 0.71 2.67 2.78 1.17 2.13 2.11 1.47 1.47 
N03_T3L7 0.12 328 FT 0.67 1.31 0.66 2.91 0.71 2.25 2.35 1.26 1.80 1.78 1.25 1.24 
N03_T4L1 0.25 752 FT 1 1.08 1.00 1.40 1 1.04 1.29 1.20 1.04 1.04 1.04 1.04 
N03_T4L2 0.50 734 FT 1 1.26 1.00 1.36 1 1.09 1.26 1.23 1.09 1.09 1.09 1.09 
N03_T4L3 1.00 584 F 1 1.63 1.00 1.45 1 1.19 1.31 1.31 1.19 1.19 1.19 1.19 
N03_T4L4 2.00 170 F 1 1.22 1.00 1.16 1 1.04 1.09 1.09 1.04 1.04 1.04 1.04 
N03_T4L5 4.00 42.5 F 1 1.03 1.00 1.02 1 1.04 0.99 0.99 1.04 1.04 1.04 1.04 
N03_T4L6 0.16 765 FT 1 1.04 1.00 1.42 1 1.04 1.31 1.16 1.04 1.04 1.04 1.04 
                               M01L1_610UB101 0.25 1422 FT 0.76 0.86 0.76 1.50 0.51 1.62 1.21 1.15 1.62 1.24 1.58 1.24 
M01L2_610UB101 0.50 1439 P 0.76 1.01 0.76 1.56 0.51 1.66 1.27 1.25 1.69 1.27 1.68 1.27 
M01L3_610UB101 1.00 1081 FT 0.76 1.14 0.76 1.38 0.51 1.37 1.15 1.15 1.42 1.03 1.42 1.03 
M01L4_610UB101 2.00 447 FT 0.76 1.11 0.76 1.15 0.51 1.01 1.04 1.04 1.00 0.99 1.00 0.99 
M01L5_610UB101 4.00 121 FT 0.76 0.98 0.76 1.00 0.51 1.00 0.95 0.95 0.99 0.99 0.99 0.99 
M01L6_610UB101 0.04 2348 FT 0.76 1.35 0.76 2.45 0.51 2.66 1.98 1.17 2.65 2.04 2.13 2.04 
M01L7_610UB101 0.09 1806 FT 0.76 1.04 0.76 1.89 0.51 2.05 1.52 1.15 2.04 1.57 1.80 1.57 
  
M02L1_460UB67.1 0.25 1139 FT 0.80 0.99 0.80 1.55 0.57 1.67 1.25 1.21 1.63 1.33 1.60 1.33 
M02L2_460UB67.1 0.50 1118 FT 0.80 1.14 0.80 1.56 0.57 1.66 1.27 1.26 1.65 1.33 1.65 1.33 
M02L3_460UB67.1 1.00 814 FT 0.80 1.26 0.80 1.38 0.57 1.35 1.15 1.15 1.39 1.04 1.39 1.04 
M02L4_460UB67.1 2.00 305 FT 0.80 1.13 0.80 1.14 0.57 1.00 1.03 1.03 0.99 0.99 0.99 0.99 
M02L5_460UB67.1 4.00 80.4 FT 0.80 0.98 0.80 0.99 0.57 0.99 0.94 0.94 0.99 0.99 0.99 0.99 
M02L6_460UB67.1 0.04 1533 FT 0.80 1.28 0.80 2.07 0.57 2.24 1.66 1.15 2.17 1.78 1.86 1.78 
M02L7_460UB67.1 0.11 1102 FT 0.80 0.92 0.80 1.49 0.57 1.61 1.20 1.06 1.56 1.28 1.48 1.28 
M03L1_310UB32.0 0.25 519 P 0.81 0.96 0.81 1.56 0.56 1.70 1.27 1.24 1.62 1.35 1.60 1.35 
M03L2_310UB32.0 0.50 511 FT 0.81 1.11 0.81 1.57 0.56 1.70 1.29 1.28 1.65 1.36 1.64 1.36 
M03L3_310UB32.0 1.00 379 FT 0.81 1.25 0.81 1.38 0.56 1.38 1.16 1.16 1.41 1.11 1.40 1.11 
M03L4_310UB32.0 2.00 142 FT 0.81 1.13 0.81 1.13 0.56 0.99 1.03 1.03 0.98 0.98 0.98 0.98 
M03L5_310UB32.0 4.00 37.2 FT 0.81 0.98 0.81 0.98 0.56 0.99 0.94 0.94 0.98 0.98 0.98 0.98 
M03L6_310UB32.0 0.03 717 FT 0.81 1.26 0.81 2.13 0.56 2.34 1.74 1.16 2.21 1.85 1.91 1.85 
M03L7_310UB32.0 0.08 518 FT 0.81 0.91 0.81 1.54 0.56 1.69 1.26 1.07 1.60 1.33 1.50 1.33 
M04L1_200UB25.4 0.25 554 FT 0.94 1.11 0.92 1.48 1 1.13 1.29 1.28 1.13 1.13 1.13 1.13 
M04L2_200UB25.4 0.50 491 FT 0.94 1.18 0.92 1.34 1 1.06 1.17 1.17 1.06 1.06 1.06 1.06 
M04L3_200UB25.4 1.00 348 FT 0.94 1.32 0.92 1.19 1 0.95 1.04 1.04 0.95 0.95 0.95 0.95 
M04L4_200UB25.4 2.00 121 FT* 0.94 1.17 0.92 1.12 1 0.99 1.03 1.03 0.99 0.99 0.99 0.99 
M04L5_200UB25.4 4.00 30.0 F 0.94 0.97 0.92 0.97 1 0.98 0.93 0.93 0.98 0.98 0.98 0.98 
M04L6_200UB25.4 0.05 559 FT 0.94 1.06 0.92 1.49 1 1.13 1.30 1.13 1.13 1.13 1.13 1.13 
M05L1_200UB18.2 0.25 379 FT 0.87 1.17 0.86 1.56 0.80 1.46 1.30 1.28 1.39 1.21 1.38 1.21 
M05L2_200UB18.2 0.50 334 FT 0.87 1.22 0.86 1.42 0.80 1.32 1.18 1.18 1.29 1.11 1.29 1.11 
M05L3_200UB18.2 1.00 233 FT 0.87 1.32 0.86 1.29 0.80 1.10 1.10 1.10 1.12 1.00 1.12 1.00 
M05L4_200UB18.2 2.00 81.4 FT 0.87 1.13 0.86 1.11 0.80 0.98 1.02 1.02 0.97 0.97 0.97 0.97 
M05L5_200UB18.2 4.00 20.9 FT 0.87 0.97 0.86 0.97 0.80 0.98 0.93 0.93 0.98 0.98 0.98 0.98 
M05L6_200UB18.2 0.05 394 FT 0.87 1.15 0.86 1.61 0.80 1.51 1.34 1.13 1.42 1.25 1.31 1.25 
                                
    
AS4100 
 
EC3-1.1 
 
AISC360 
Modified EC3-1.1 Modified AISC360 
Iw=0 Iw>0 
Iw=0 Iw=0 Iw>0 Iw>0 
Fcry(Q<1) Fcry(Q=1) Fcry(Q<1) Fcry(Q=1) 
     
Nu/Nc  
Nu/Nb,Rd  
Nu/Pn Nu/Nb,Rd Nu/Nb,Rd Nu/Pn Nu/Pn Nu/Pn Nu/Pn 
     
(6) 
 
(8) 
 
(10) (11) (12) (13) (14) (15) (16) 
                All c-s 
               
Average  
    
1.12 
 
1.60 
 
1.39 1.36 1.15 1.36 1.25 1.23 1.15 
St. Dev. () 
    
0.189 
 
0.639 
 
0.529 0.480 0.152 0.541 0.412 0.305 0.236 
CoV 
    
0.170 
 
0.400 
 
0.381 0.353 0.132 0.397 0.329 0.247 0.205 
min 
    
0.73 
 
0.91 
 
0.92 0.88 0.88 0.91 0.91 0.91 0.91 
  
max 
    
1.67 
 
3.98 
 
3.43 3.19 1.66 3.78 2.97 2.37 2.06 
                               Non-slender c-s 
               
Average  
    
1.11 
 
- 
 
1.07 - - 1.07 1.07 1.07 1.07 
St. Dev. () 
    
0.149 
 
- 
 
0.108 - - 0.108 0.108 0.108 0.108 
CoV 
    
0.134 
 
- 
 
0.101 - - 0.101 0.101 0.101 0.101 
                               Slender c-s 
               
Average  
    
1.12 
 
1.62 
 
1.48 1.36 1.15 1.44 1.30 1.28 1.17 
St. Dev. () 
    
0.196 
 
0.652 
 
0.563 0.480 0.152 0.583 0.449 0.325 0.256 
CoV 
    
0.176 
 
0.403 
 
0.382 0.353 0.132 0.404 0.344 0.255 0.218 
                               Stats excl. e<0.15                
Average (Pm)     
1.08 
 
1.38 
 
1.20 1.20 1.14 1.19 1.11 1.15 1.07 
St. Dev. () 
    
0.165 
 
0.355 
 
0.269 0.245 0.161 0.277 0.192 0.218 0.123 
CoV (VP)     
0.153 
 
0.257 
 
0.224 0.205 0.141 0.233 0.172 0.190 0.115 
 
    
0.88 
 
0.93 
 
0.87 0.89 0.94 0.84 0.87 0.88 0.92 
                                Table 4:  Comparison of test and numerical strengths with design strengths calculated using the AS4100, EN1993-1.1 and AISC-360 Specifications as well as modified 
versions of the EN1993-1.1 and AISC-360 procedures. 
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 Current procedure Proposed modified procedure 
 Pm VP   A Pm VP   A 
AS4100 1.08 0.153 0.88 e* Ae - - - - - 
EC3-1.1 1.38 0.257 0.93 r# Ae 1.20 0.205 0.89 r A 
AISC-360 1.20 0.224 0.87 r Q<1 1.11 0.172 0.87 r† Q=1 
*  e defined by Eqn. (25), (flexure only) 
#  r defined by Eqn. (26) 
†  Fcry (inelastic strength) and Fcrz (elastic) in strength equation (32) as for Q=1 in current specification  
Table 5:  Statistics of current and modified versions of AS4100, EC3-1.1 and AISC-360 
specifications excluding short columns (e<0.15); P is the ratio of ultimate strength to design 
strength, Pm and VP are the mean and CoV of the same ratio. 
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APPENDIX B – DATABASE OF SEMI-RIGID BEHAVIOUR OF COLD-
FORMED STEEL JOINTS 
 
This appendix reproduces the outcome of the statistical evaluation of the semi-rigid behaviour of 
cold-formed steel joints as per Section 4.4 of this doctoral thesis. The parameters are defined as 
per Figure A-1. 
 
 
Figure A-1 – Semi-rigid parameters of cold-formed steel joints. 
 
 
 
 
 
  
B.1 MOMENT-ROTATION PARAMETERS OF JOINTS STORAGE RACK FRAMES 
 
Reference Number of Tabs Beam Depth Upright Thickness ID Test 
 
M1 M2 1 2 3 K1 K2 M1 M2 1 2 3 K1 K2 
[-] [-] [mm] [mm] [-] 
 
[kNm] [kNm] [rad] [rad] [rad] [kNm/rad] [kNm/rad] [kNm] [kNm] [rad] [rad] [rad] [kNm/rad] [kNm/rad] 
Elisha's Frame 3 130 2.4 1 
 
1.769 2.654 0.034 0.106 0.132 52.03 12.29 0.884 1.038 0.817 1.165 0.997 1.070 1.087 
    
2 
 
2.302 2.748 0.053 0.0961 0.149 43.43 10.35 1.150 1.075 1.274 1.056 1.125 0.893 0.915 
    
3 
 
2.096 2.441 0.045 0.086 0.111 46.58 8.41 1.047 0.955 1.082 0.945 0.838 0.958 0.744 
    
4 
 
2.032 2.53 0.04 0.073 0.142 50.80 15.09 1.015 0.990 0.962 0.802 1.073 1.045 1.335 
    
5 
 
1.808 2.41 0.036 0.094 0.128 50.22 10.38 0.903 0.943 0.865 1.033 0.967 1.033 0.918 
    
Average 
 
2.001 2.557 0.042 0.091 0.132 48.61 11.30 
               CoV 
 
0.109 0.056 0.184 0.136 0.110 0.073 0.223               
Elisha's Frame 4 130 2.4 1 
 
3.4 5.166 0.044 0.104 0.121 77.27 29.43 0.978 1.017 0.957 0.981 0.951 1.023 1.117 
    
2 
 
4.278 5.309 0.056 0.107 0.15 76.39 20.22 1.230 1.045 1.217 1.009 1.179 1.011 0.767 
    
3 
 
3.235 4.871 0.044 0.104 0.116 73.52 27.27 0.930 0.959 0.957 0.981 0.912 0.973 1.035 
    
4 
 
3 4.966 0.04 0.109 0.122 75.00 28.49 0.863 0.978 0.870 1.028 0.959 0.993 1.081 
    
Average 
 
3.478 5.078 0.046 0.106 0.127 75.55 26.35 
               CoV 
 
0.160 0.039 0.151 0.023 0.121 0.022 0.159               
S1262 3 155 1.9 1 
 
1.8 2.475 0.026 0.0674 0.122 69.23 16.30 1.091 1.003 1.111 1.000 0.953 0.980 0.882 
    
2 
 
1.5 2.4625 0.0208 0.0674 0.134 72.12 20.65 0.909 0.997 0.889 1.000 1.047 1.020 1.118 
    
Average 
 
1.650 2.469 0.023 0.067 0.128 70.67 18.48 
               CoV 
 
0.129 0.004 0.157 0.000 0.066 0.029 0.166               
S1262 3 155 2.4 1 
 
1.714 2.62 0.0234 0.06 0.08544 73.25 24.75 1.048 0.997 1.104 0.993 0.934 0.944 0.979 
    
2 
 
1.556 2.636 0.01899 0.0608 0.09747 81.94 25.83 0.952 1.003 0.896 1.007 1.066 1.056 1.021 
    
Average 
 
1.635 2.628 0.021 0.060 0.091 77.59 25.29   
              CoV 
 
0.068 0.004 0.147 0.009 0.093 0.079 0.030               
S1265 3 55 1.5 1 
 
0.624 0.833 0.0364 0.0685 0.0764 17.14 6.51 1.067 1.020 1.143 0.787 0.646 0.923 1.334 
    
2 
 
0.546 0.8 0.0273 0.1055 0.16 20.00 3.25 0.933 0.980 0.857 1.213 1.354 1.077 0.666 
    
Average 
 
0.585 0.817 0.032 0.087 0.118 18.57 4.88 
               CoV 
 
0.094 0.029 0.202 0.301 0.500 0.109 0.473               
S1265 3 55 1.9 1 
 
0.600 0.887 0.034 0.125 0.144 17.70 3.16 0.955 0.995 0.933 1.237 1.259 1.022 0.671 
    
2 
 
0.657 0.896 0.039 0.077 0.085 16.93 6.26 1.045 1.005 1.067 0.763 0.741 0.978 1.329 
    
Average 
 
0.629 0.892 0.036 0.101 0.114 17.32 4.71 
               CoV 
 
0.064 0.007 0.095 0.335 0.366 0.031 0.466               
S1265 3 93 1.5 1 
 
1.086 1.344 0.036 0.064 0.160 30.34 9.08 0.991 0.961 0.981 0.869 1.032 1.011 1.114 
    
2 
 
1.250 1.641 0.038 0.079 0.160 33.24 9.49 1.141 1.173 1.030 1.066 1.032 1.108 1.164 
    
Average 
 
1.168 1.493 0.037 0.072 0.160 31.79 9.29 
               CoV 
 
0.099 0.141 0.035 0.144 0.000 0.065 0.031               
S1285 3 93 1.5 1 
 
1.000 1.276 0.035 0.073 0.150 28.33 7.26 0.912 0.912 0.967 0.992 0.968 0.944 0.891 
    
2 
 
1.048 1.333 0.037 0.079 0.150 28.10 6.79 0.956 0.953 1.022 1.073 0.968 0.937 0.832 
    
Average 
 
1.024 1.305 0.036 0.076 0.150 28.21 7.02 
               CoV 
 
0.033 0.031 0.039 0.056 0.000 0.006 0.048 
       
    
Average 
 
1.096 1.399 0.037 0.074 0.155 30.001 8.156 
               CoV 
 
0.099 0.118 0.031 0.095 0.037 0.079 0.163               
S1265 3 93 1.9 1 
 
1.123 1.430 0.029 0.052 0.083 38.72 13.12 0.945 0.880 0.908 0.763 0.608 1.038 0.944 
    
2 
 
1.437 2.096 0.040 0.117 0.160 35.84 8.57 1.210 1.290 1.255 1.703 1.180 0.961 0.616 
    
Average 
 
1.280 1.763 0.035 0.085 0.121 37.28 10.84 
               CoV 
 
0.173 0.267 0.227 0.539 0.452 0.055 0.297               
S1285 3 93 1.9 1 
 
1.143 1.467 0.031 0.049 0.150 37.23 18.00 0.962 0.903 0.961 0.709 1.106 0.998 1.295 
    
2 
 
1.048 1.505 0.028 0.057 0.150 37.43 15.92 0.882 0.926 0.876 0.825 1.106 1.003 1.145 
  
    
Average 1.096 1.486 0.029 0.053 0.150 37.33 16.96 
               CoV 0.061 0.018 0.065 0.107 0.000 0.004 0.087 
       
    
Average 1.188 1.625 0.032 0.069 0.136 37.305 13.903 
               CoV 0.144 0.194 0.174 0.471 0.263 0.032 0.293               
S1265 3 93 2.4 1 0.838 1.437 0.019 0.052 0.082 44.69 18.02 0.759 0.886 0.655 0.807 0.611 1.132 1.320 
    
2 1.183 2.126 0.027 0.085 0.156 43.49 16.31 1.071 1.311 0.950 1.319 1.159 1.102 1.195 
    
Average 1.011 1.782 0.023 0.069 0.119 44.09 17.16 
               CoV 0.241 0.273 0.260 0.341 0.438 0.019 0.070 
       S1285 3 93 2.4 1 1.340 1.594 0.035 0.062 0.150 37.96 9.51 1.213 0.983 1.233 0.962 1.115 0.962 0.697 
    
2 1.057 1.330 0.033 0.059 0.150 31.73 10.76 0.957 0.820 1.163 0.911 1.115 0.804 0.788 
    
Average 1.198 1.462 0.034 0.060 0.150 34.85 10.14 
               CoV 0.167 0.128 0.041 0.039 0.000 0.126 0.087 
       
    
Average 1.104 1.622 0.029 0.064 0.135 39.470 13.651 
               CoV 0.192 0.218 0.260 0.222 0.260 0.150 0.304               
S1285 3 75 1.5 1 0.872 1.194 0.039 0.095 0.150 22.19 5.81 1.011 0.996 1.062 1.072 1.000 0.949 0.878 
    
2 0.853 1.204 0.035 0.082 0.150 24.58 7.42 0.989 1.004 0.938 0.928 1.000 1.051 1.122 
    
Average 0.863 1.199 0.037 0.088 0.150 23.39 6.62 
               CoV 0.016 0.006 0.088 0.102 0.000 0.072 0.172               
S1285 3 110 1.5 1 1.226 1.528 0.040 0.069 0.150 30.65 10.32 0.992 0.985 1.022 0.997 1.000 0.971 0.991 
    
2 1.245 1.575 0.038 0.070 0.150 32.51 10.51 1.008 1.015 0.978 1.003 1.000 1.029 1.009 
    
Average 1.236 1.552 0.039 0.070 0.150 31.58 10.41 
               CoV 0.011 0.021 0.031 0.004 0.000 0.042 0.013               
S1285 3 130 1.5 1 1.226 1.830 0.033 0.117 0.150 37.49 7.14 1.015 1.000 1.114 1.185 1.000 0.901 0.757 
    
2 1.189 1.830 0.026 0.081 0.150 45.73 11.72 0.985 1.000 0.886 0.815 1.000 1.099 1.243 
    
Average 1.208 1.830 0.029 0.099 0.150 41.61 9.43 
               CoV 0.022 0.000 0.161 0.261 0.000 0.140 0.343               
S1285 3 155 1.5 1 1.300 2.314 0.029 0.118 0.150 45.30 11.35 1.034 1.087 0.874 1.054 1.000 1.160 1.036 
    
2 1.214 1.943 0.037 0.106 0.150 32.81 10.57 0.966 0.913 1.126 0.946 1.000 0.840 0.964 
    
Average 1.257 2.129 0.033 0.112 0.150 39.05 10.96 
               CoV 0.048 0.123 0.179 0.076 0.000 0.226 0.051               
S1285 3 75 1.9 1 0.714 1.238 0.029 0.096 0.150 24.37 7.86 0.943 1.008 0.967 1.162 1.000 0.976 0.832 
    
2 0.800 1.219 0.031 0.069 0.150 25.56 11.03 1.057 0.992 1.033 0.838 1.000 1.024 1.168 
    
Average 0.757 1.229 0.030 0.083 0.150 24.96 9.44 
               CoV 0.080 0.011 0.047 0.228 0.000 0.034 0.237               
S1285 3 110 1.9 1 1.132 1.575 0.028 0.054 0.150 40.43 17.04 0.952 1.009 0.933 1.003 1.000 1.019 1.101 
    
2 1.245 1.547 0.032 0.054 0.150 38.91 13.92 1.048 0.991 1.067 0.997 1.000 0.981 0.899 
    
Average 1.189 1.561 0.030 0.054 0.150 39.67 15.48 
               CoV 0.067 0.013 0.094 0.004 0.000 0.027 0.143               
S1285 3 130 1.9 1 1.271 1.886 0.032 0.091 0.150 39.72 10.48 0.994 0.953 1.117 0.978 1.000 0.877 0.962 
    
2 1.286 2.071 0.025 0.095 0.150 50.83 11.31 1.006 1.047 0.883 1.022 1.000 1.123 1.038 
    
Average 1.279 1.979 0.029 0.093 0.150 45.27 10.89 
               CoV 0.008 0.066 0.165 0.031 0.000 0.174 0.054               
S1285 3 155 1.9 1 1.329 2.386 0.025 0.110 0.150 52.53 12.48 0.944 0.979 0.904 0.978 1.000 1.041 1.025 
    
2 1.486 2.486 0.031 0.115 0.150 48.40 11.86 1.056 1.021 1.096 1.022 1.000 0.959 0.975 
    
Average 1.408 2.436 0.028 0.113 0.150 50.47 12.17 
               CoV 0.079 0.029 0.136 0.031 0.000 0.058 0.036               
S1285 3 75 2.4 1 1.019 1.245 0.040 0.073 0.150 25.48 6.91 1.108 1.027 1.122 0.965 1.000 0.985 0.948 
    
2 0.821 1.179 0.031 0.078 0.150 26.23 7.67 0.892 0.973 0.878 1.035 1.000 1.015 1.052 
    
Average 0.920 1.212 0.036 0.075 0.150 25.85 7.29 
               CoV 0.152 0.039 0.173 0.050 0.000 0.021 0.073               
S1285 3 110 2.4 1 1.086 1.571 0.023 0.053 0.150 47.84 16.17 0.971 0.976 0.946 0.839 1.000 1.025 1.217 
  
    
2 1.152 1.648 0.025 0.073 0.150 45.53 10.40 1.029 1.024 1.054 1.161 1.000 0.975 0.783 
    
Average 1.119 1.610 0.024 0.063 0.150 46.69 13.28 
               CoV 0.042 0.034 0.077 0.228 0.000 0.035 0.307               
S1285 3 130 2.4 1 1.075 1.939 0.022 0.091 0.150 48.86 12.58 0.987 1.026 0.930 0.932 1.000 1.057 1.147 
    
2 1.104 1.840 0.025 0.104 0.150 43.64 9.35 1.013 0.974 1.070 1.068 1.000 0.943 0.853 
    
Average 1.090 1.890 0.024 0.097 0.150 46.25 10.97 
               CoV 0.019 0.037 0.099 0.097 0.000 0.080 0.208               
S1285 3 155 2.4 1 1.500 2.476 0.030 0.094 0.127 50.00 15.32 1.071 1.011 1.085 1.020 0.965 0.986 0.940 
    
2 1.302 2.420 0.025 0.090 0.136 51.46 17.28 0.929 0.989 0.915 0.980 1.035 1.014 1.060 
    
Average 1.401 2.448 0.028 0.092 0.131 50.73 16.30 
               CoV 0.100 0.016 0.120 0.028 0.050 0.020 0.085               
S1285 3 93 1.9 1 1.075 1.570 0.033 0.075 0.150 32.28 11.79 0.930 1.062 1.123 1.209 1.000 0.808 1.293 
    
2 1.237 1.387 0.026 0.049 0.150 47.58 6.44 1.070 0.938 0.877 0.791 1.000 1.192 0.707 
    
Average 1.156 1.479 0.030 0.062 0.150 39.93 9.11 
               CoV 0.099 0.088 0.174 0.295 0.000 0.271 0.415               
S1285 3 110 1.9 1 1.022 1.590 0.017 0.068 0.136 61.20 11.07 0.950 0.996 0.981 0.927 0.996 0.969 1.179 
    
2 1.129 1.602 0.017 0.079 0.137 65.15 7.71 1.050 1.004 1.019 1.073 1.004 1.031 0.821 
    
Average 1.076 1.596 0.017 0.073 0.137 63.17 9.39 
               CoV 0.070 0.005 0.026 0.103 0.005 0.044 0.253               
S1285 3 130 1.9 1 1.613 2.258 0.031 0.074 0.104 51.53 15.11 0.966 1.014 1.056 1.132 1.006 0.911 0.962 
    
2 1.726 2.194 0.028 0.057 0.103 61.64 16.31 1.034 0.986 0.944 0.868 0.994 1.089 1.038 
    
Average 1.670 2.226 0.030 0.065 0.103 56.59 15.71 
               CoV 0.048 0.020 0.079 0.187 0.009 0.126 0.054               
S1285 3 155 1.9 1 1.742 2.194 0.043 0.075 0.124 40.23 14.39 0.982 0.938 1.031 0.805 0.939 0.951 1.198 
    
2 1.806 2.484 0.041 0.111 0.140 44.41 9.64 1.018 1.062 0.969 1.195 1.061 1.049 0.802 
    
Average 1.774 2.339 0.042 0.093 0.132 42.32 12.02 
               CoV 0.026 0.088 0.044 0.276 0.086 0.070 0.280               
S1285 3 93 2.4 1 1.216 1.361 0.035 0.056 0.150 34.74 6.90 1.001 0.998 0.955 0.936 1.000 1.046 1.066 
    
2 1.214 1.367 0.038 0.064 0.150 31.70 6.05 0.999 1.002 1.045 1.064 1.000 0.954 0.934 
    
Average 1.215 1.364 0.037 0.060 0.150 33.22 6.48 
               CoV 0.001 0.003 0.064 0.090 0.000 0.065 0.094               
S1285 3 110 2.4 1 1.268 1.670 0.025 0.071 0.132 50.12 8.85 1.026 1.020 0.974 1.047 0.943 1.048 0.926 
    
2 1.237 1.649 0.023 0.065 0.137 54.57 9.66 1.001 1.007 0.872 0.967 0.979 1.141 1.010 
    
3 1.031 1.625 0.025 0.067 0.141 40.76 14.34 0.835 0.993 0.974 0.988 1.007 0.852 1.499 
    
4 1.406 1.604 0.031 0.067 0.150 45.85 5.40 1.138 0.980 1.180 0.997 1.071 0.959 0.564 
    
Average 1.236 1.637 0.026 0.068 0.140 47.82 9.56 
               CoV 0.125 0.018 0.129 0.034 0.054 0.123 0.385               
S1285 3 130 2.4 1 1.485 2.165 0.023 0.058 0.108 63.73 19.77 0.980 1.007 1.014 0.975 1.025 0.966 1.122 
    
2 1.546 2.134 0.023 0.061 0.103 68.20 15.46 1.020 0.993 0.986 1.025 0.975 1.034 0.878 
    
Average 1.516 2.150 0.023 0.059 0.105 65.96 17.61 
               CoV 0.028 0.010 0.019 0.036 0.036 0.048 0.173               
S1285 3 155 2.4 1 1.918 2.722 0.035 0.081 0.124 55.27 17.49 1.064 1.023 1.030 0.942 0.984 1.035 1.053 
    
2 1.686 2.598 0.033 0.091 0.128 51.56 15.73 0.936 0.977 0.970 1.058 1.016 0.965 0.947 
    
Average 1.802 2.660 0.034 0.086 0.126 53.42 16.61 
               CoV 0.091 0.033 0.042 0.083 0.022 0.049 0.075               
S1285 3 93 3 1 1.208 1.333 0.047 0.068 0.150 25.55 6.02 0.913 0.928 0.979 1.017 1.000 0.934 0.987 
    
2 1.438 1.539 0.049 0.066 0.150 29.15 6.18 1.087 1.072 1.021 0.983 1.000 1.066 1.013 
    
Average 1.323 1.436 0.048 0.067 0.150 27.35 6.10 
               CoV 0.123 0.101 0.030 0.025 0.000 0.093 0.018               
S1285 3 110 3 1 1.177 1.656 0.026 0.074 0.150 44.75 9.98 0.902 0.956 0.827 0.931 1.000 1.077 1.122 
    
2 1.432 1.807 0.037 0.085 0.150 38.39 7.82 1.098 1.044 1.173 1.069 1.000 0.923 0.878 
  
    
Average 1.304 1.732 0.032 0.080 0.150 41.57 8.90 
               CoV 0.138 0.062 0.245 0.097 0.000 0.108 0.172               
S1285 3 130 3 1 1.376 2.057 0.030 0.090 0.143 45.41 11.46 0.986 0.992 1.052 1.053 0.997 0.934 0.951 
    
2 1.416 2.090 0.027 0.081 0.144 51.87 12.63 1.014 1.008 0.948 0.947 1.003 1.066 1.049 
    
Average 1.396 2.073 0.029 0.085 0.144 48.64 12.04 
               CoV 0.020 0.011 0.074 0.075 0.005 0.094 0.069               
S1285 3 155 3 1 2.010 2.722 0.028 0.079 0.097 71.28 14.04 0.989 1.005 0.894 0.998 0.960 1.095 0.985 
    
2 2.056 2.697 0.035 0.079 0.105 58.91 14.46 1.011 0.995 1.106 1.002 1.040 0.905 1.015 
    
Average 2.033 2.709 0.032 0.079 0.101 65.09 14.25 
               CoV 0.016 0.007 0.150 0.003 0.057 0.134 0.021               
S1272 3 75 1.9 1 0.989 1.241 0.020 0.043 0.115 48.51 11.10 0.973 0.995 0.886 0.897 1.000 1.087 1.180 
    
2 1.043 1.255 0.026 0.053 0.115 40.74 7.72 1.027 1.005 1.114 1.103 1.000 0.913 0.820 
    
Average 1.016 1.248 0.023 0.048 0.115 44.63 9.41 
               CoV 0.038 0.008 0.161 0.145 0.000 0.123 0.254               
S1286 3 55 1.2 1 0.409 0.496 0.030 0.067 0.110 13.86 2.35 1.042 1.011 1.087 1.038 0.991 0.955 0.885 
    
2 0.376 0.485 0.025 0.062 0.112 15.16 2.96 0.958 0.989 0.913 0.962 1.009 1.045 1.115 
    
Average 0.393 0.491 0.027 0.064 0.111 14.51 2.66 
               CoV 0.059 0.016 0.122 0.054 0.013 0.063 0.163               
S1286 3 55 1.5 1 0.371 0.502 0.025 0.090 0.129 14.72 2.03 0.979 0.981 1.008 1.035 1.028 0.971 0.943 
    
2 0.387 0.521 0.025 0.084 0.122 15.61 2.27 1.021 1.019 0.992 0.965 0.972 1.029 1.057 
    
Average 0.379 0.512 0.025 0.087 0.125 15.16 2.15 
               CoV 0.030 0.026 0.011 0.050 0.039 0.041 0.081 
       S1286 3 55 1.9 1 
      
  
       
    
2 0.330 0.545 0.018 0.085 0.123 18.44 3.19 
       
    
Average 0.330 0.545 0.018 0.085 0.123 18.44 3.19 
               CoV               
       S1286 3 55 2.4 1 0.333 0.526 0.020 0.085 0.129 16.40 3.00 0.957 0.990 0.951 0.952 0.966 1.006 1.099 
    
2 0.363 0.537 0.022 0.093 0.138 16.21 2.46 1.043 1.010 1.049 1.048 1.034 0.994 0.901 
    
Average 0.348 0.532 0.021 0.089 0.134 16.30 2.73 
               CoV 0.061 0.015 0.070 0.068 0.048 0.009 0.140               
S1286 3 75 1.2 1 0.385 0.629 0.021 0.066 0.122 18.25 5.47 0.954 0.944 0.981 0.902 0.946 0.973 1.060 
    
2 0.422 0.704 0.022 0.080 0.136 19.27 4.85 1.046 1.056 1.019 1.098 1.054 1.027 0.940 
    
Average 0.404 0.667 0.022 0.073 0.129 18.76 5.16 
               CoV 0.065 0.080 0.026 0.139 0.077 0.039 0.085               
S1286 3 75 1.5 1 0.422 0.789 0.021 0.099 0.115 20.00 4.71 1.008 1.041 1.128 1.200 1.013 0.880 0.857 
    
2 0.415 0.727 0.016 0.066 0.112 25.46 6.28 0.992 0.959 0.872 0.800 0.987 1.120 1.143 
    
Average 0.419 0.758 0.019 0.083 0.114 22.73 5.49 
               CoV 0.012 0.058 0.182 0.283 0.019 0.170 0.202               
S1286 3 75 1.9 1 0.545 0.742 0.029 0.098 0.103 18.60 2.88 0.946 1.005 0.848 0.984 0.995 1.099 1.158 
    
2 0.607 0.735 0.040 0.101 0.104 15.25 2.10 1.054 0.995 1.152 1.016 1.005 0.901 0.842 
    
Average 0.576 0.739 0.035 0.099 0.104 16.93 2.49 
               CoV 0.076 0.007 0.215 0.023 0.007 0.140 0.223               
S1286 3 75 2.4 1 0.672 0.749 0.040 0.059 0.090 16.88 3.95 1.008 1.000 1.077 1.105 1.023 0.931 0.768 
    
2 0.661 0.749 0.034 0.048 0.086 19.38 6.33 0.992 1.000 0.923 0.895 0.977 1.069 1.232 
    
Average 0.667 0.749 0.037 0.054 0.088 18.13 5.14 
               CoV 0.012 0.000 0.109 0.149 0.032 0.097 0.328               
S1581 3 100 2 1 1.191 1.793 0.023 0.083 0.170 50.90 10.10 0.954 0.997 0.984 1.215 1.208 0.959 0.793 
    
2 1.281 1.801 0.028 0.063 0.131 46.41 14.65 1.026 1.001 1.161 0.924 0.928 0.874 1.151 
    
3 1.244 1.789 0.020 0.058 0.124 60.98 14.53 0.996 0.995 0.858 0.847 0.882 1.149 1.142 
    
4 1.280 1.811 0.024 0.069 0.138 54.01 11.64 1.025 1.007 0.997 1.014 0.982 1.018 0.915 
    
Average 1.249 1.799 0.024 0.068 0.141 53.07 12.73 
       
  
        CoV 0.034 0.005 0.124 0.159 0.145 0.115 0.176               
S1581 3 110 2 1 1.662 1.941 0.034 0.058 0.119 48.60 11.82 1.048 1.009 1.139 1.030 0.981 0.915 0.927 
    
2 1.651 1.888 0.031 0.051 0.123 53.26 11.85 1.041 0.982 1.032 0.909 1.013 1.003 0.929 
    
3 1.538 1.961 0.027 0.057 0.119 56.54 14.19 0.970 1.020 0.906 1.016 0.983 1.065 1.113 
    
4 1.494 1.901 0.028 0.059 0.124 53.94 13.13 0.942 0.989 0.923 1.046 1.023 1.016 1.030 
    
Average 1.586 1.923 0.030 0.056 0.121 53.08 12.75 
               CoV 0.052 0.018 0.108 0.062 0.021 0.062 0.089               
S1596 (Schaefer) 4 90 2 1 2.105 3.077 0.019 0.074 0.089 110.21 17.83 1.080 1.032 0.995 1.042 1.025 1.083 0.830 
    
2 1.851 2.955 0.018 0.052 0.080 105.77 31.91 0.950 0.991 0.911 0.738 0.924 1.040 1.485 
    
3 1.704 2.839 0.018 0.069 0.079 95.20 22.08 0.874 0.952 0.932 0.981 0.915 0.936 1.028 
    
4 2.136 3.057 0.022 0.088 0.099 95.78 14.13 1.096 1.025 1.161 1.239 1.136 0.941 0.657 
    
Average 1.949 2.982 0.019 0.071 0.087 101.74 21.49 
               CoV 0.106 0.037 0.113 0.207 0.104 0.073 0.357               
S1595 (Oxygen) 3 65 1.6 1 0.622 0.874 0.027 0.060 0.079 23.30 7.66 1.041 1.009 1.166 1.028 0.978 0.859 1.003 
    
2 0.631 0.823 0.028 0.057 0.077 22.84 6.64 1.055 0.950 1.205 0.977 0.949 0.843 0.870 
    
3 0.570 0.841 0.021 0.053 0.081 26.64 8.50 0.954 0.970 0.934 0.918 1.001 0.983 1.114 
    
4 0.567 0.927 0.016 0.062 0.087 35.67 7.74 0.949 1.070 0.694 1.077 1.072 1.315 1.013 
    
Average 0.597 0.866 0.023 0.058 0.081 27.11 7.63 
               CoV 0.056 0.053 0.236 0.068 0.053 0.219 0.100               
S1595 (Oxygen) 3 65 1.5 1 0.710 0.834 0.035 0.058 0.083 20.18 5.53 1.101 1.018 1.184 1.029 1.067 0.918 0.840 
    
2 0.719 0.847 0.034 0.059 0.090 20.97 5.15 1.115 1.034 1.154 1.058 1.151 0.955 0.781 
    
3 0.591 0.824 0.026 0.060 0.081 22.46 7.03 0.916 1.006 0.885 1.065 1.038 1.022 1.066 
    
4 0.561 0.771 0.023 0.047 0.058 24.26 8.65 0.869 0.941 0.777 0.848 0.744 1.105 1.313 
    
Average 0.645 0.819 0.030 0.056 0.078 21.97 6.59 
               CoV 0.126 0.041 0.200 0.102 0.177 0.082 0.242               
S1595 (Oxygen) 3 90 1.6 1 1.381 1.660 0.024 0.068 0.136 58.00 6.25 0.930 0.948 0.891 0.807 1.076 1.037 1.293 
    
2 1.479 1.857 0.024 0.124 0.133 60.91 3.81 0.997 1.060 0.909 1.457 1.051 1.089 0.787 
    
3 1.526 1.717 0.029 0.069 0.117 53.40 4.67 1.028 0.980 1.070 0.819 0.924 0.955 0.964 
    
4 1.551 1.771 0.030 0.078 0.120 51.35 4.62 1.045 1.011 1.130 0.917 0.949 0.918 0.956 
    
Average 1.484 1.751 0.027 0.085 0.126 55.92 4.84 
               CoV 0.051 0.048 0.118 0.309 0.074 0.078 0.212               
S1595 (Oxygen) 3 90 1.5 1 1.351 1.603 0.025 0.060 0.099 53.41 7.17 1.083 1.043 1.179 1.103 0.849 0.903 0.739 
    
2 1.271 1.661 0.017 0.075 0.103 73.04 6.81 1.018 1.082 0.811 1.366 0.885 1.235 0.702 
    
3 1.231 1.423 0.023 0.042 0.141 54.71 9.92 0.986 0.927 1.049 0.766 1.216 0.925 1.022 
    
4 1.140 1.456 0.021 0.042 0.122 55.33 14.92 0.913 0.948 0.960 0.764 1.050 0.936 1.538 
    
Average 1.248 1.536 0.021 0.055 0.116 59.12 9.71 
               CoV 0.070 0.074 0.155 0.291 0.169 0.158 0.386               
S1595 (Oxygen) 3 93 1.6 1 1.553 1.892 0.028 0.079 0.101 55.27 6.72 1.048 1.033 1.094 1.009 0.789 0.955 0.968 
    
2 1.519 1.822 0.025 0.067 0.146 60.74 7.20 1.025 0.995 0.974 0.864 1.143 1.050 1.038 
    
3 1.402 1.812 0.023 0.097 0.128 60.68 5.53 0.946 0.990 0.900 1.251 1.006 1.048 0.798 
    
4 1.452 1.798 0.027 0.068 0.136 54.80 8.30 0.980 0.982 1.032 0.876 1.062 0.947 1.196 
    
Average 1.481 1.831 0.026 0.078 0.128 57.87 6.94 
               CoV 0.046 0.023 0.083 0.180 0.151 0.057 0.165               
S1595 (Oxygen) 3 93 1.5 1 1.474 1.705 0.028 0.057 0.095 53.20 7.90 1.055 0.986 1.038 0.685 0.788 1.012 1.251 
    
2 1.413 1.754 0.025 0.071 0.096 56.08 7.39 1.012 1.015 0.945 0.860 0.790 1.067 1.169 
    
3 1.272 1.733 0.024 0.106 0.145 53.00 5.65 0.911 1.002 0.900 1.273 1.203 1.008 0.894 
    
4 1.428 1.724 0.030 0.098 0.147 47.93 4.33 1.023 0.997 1.117 1.182 1.219 0.912 0.686 
    
Average 1.397 1.729 0.027 0.083 0.121 52.55 6.32 
               CoV 0.062 0.012 0.097 0.275 0.244 0.064 0.259               
S1595 (Oxygen) 3 130 1.6 1 1.352 2.209 0.011 0.052 0.098 118.55 20.91 0.950 1.024 0.790 0.664 0.942 1.157 1.672 
    
2 1.409 2.149 0.012 0.078 0.093 122.48 11.07 0.990 0.997 0.797 0.993 0.899 1.195 0.885 
    
3 1.449 2.128 0.016 0.084 0.111 88.35 10.11 1.018 0.987 1.137 1.058 1.072 0.862 0.809 
  
    
4 1.482 2.141 0.018 0.101 0.113 80.53 7.94 1.042 0.993 1.276 1.285 1.087 0.786 0.635 
    
Average 1.423 2.156 0.014 0.079 0.104 102.48 12.51 
               CoV 0.039 0.017 0.245 0.257 0.094 0.206 0.460               
S1595 (Oxygen) 3 130 1.5 1 1.423 1.961 0.016 0.087 0.105 90.20 7.57 1.044 0.986 0.977 1.060 0.868 1.063 0.770 
    
2 1.300 1.995 0.015 0.065 0.123 89.63 13.85 0.953 1.003 0.898 0.790 1.019 1.057 1.408 
    
3 1.337 1.974 0.016 0.085 0.146 82.89 9.25 0.981 0.993 0.999 1.038 1.213 0.977 0.941 
    
4 1.394 2.025 0.018 0.091 0.108 76.60 8.67 1.022 1.018 1.127 1.111 0.900 0.903 0.881 
    
Average 1.364 1.989 0.016 0.082 0.121 84.83 9.84 
               CoV 0.041 0.014 0.095 0.143 0.156 0.076 0.281               
S1595 (Oxygen) 3 155 1.6 1 1.572 2.203 0.016 0.071 0.118 100.77 11.40 0.936 0.989 0.878 0.995 1.131 1.061 1.112 
    
2 1.754 2.251 0.020 0.076 0.098 87.72 8.91 1.045 1.010 1.125 1.062 0.943 0.924 0.869 
    
3 1.760 2.205 0.019 0.063 0.097 92.65 10.19 1.048 0.989 1.069 0.877 0.926 0.976 0.995 
    
4 1.629 2.255 0.017 0.076 0.104 98.72 10.51 0.970 1.012 0.928 1.066 1.000 1.040 1.025 
    
Average 1.679 2.229 0.018 0.071 0.104 94.96 10.25 
               CoV 0.056 0.013 0.116 0.088 0.093 0.062 0.101               
S1595 (Oxygen) 3 155 1.5 1 1.604 2.082 0.009 0.064 0.103 172.42 8.69 1.074 1.043 0.825 1.005 1.016 1.276 0.871 
    
2 1.537 2.060 0.013 0.061 0.111 114.73 10.97 1.029 1.032 1.188 0.952 1.091 0.849 1.100 
    
3 1.459 1.928 0.012 0.049 0.106 122.58 12.68 0.977 0.966 1.055 0.763 1.049 0.907 1.272 
    
4 1.375 1.915 0.011 0.082 0.085 130.96 7.55 0.921 0.959 0.931 1.280 0.843 0.969 0.757 
    
Average 1.494 1.996 0.011 0.064 0.101 135.17 9.97 
               CoV 0.066 0.044 0.157 0.213 0.109 0.190 0.231               
S1595 (Oxygen) 4 155 1.6 1 2.629 3.563 0.017 0.063 0.091 159.30 20.00 1.094 1.003 1.091 0.936 0.895 0.994 0.900 
    
2 2.402 3.493 0.013 0.053 0.085 186.19 27.00 1.000 0.983 0.853 0.789 0.829 1.162 1.214 
    
3 2.467 3.605 0.017 0.075 0.126 142.60 19.62 1.027 1.015 1.144 1.115 1.238 0.890 0.882 
    
4 2.110 3.550 0.014 0.078 0.106 152.89 22.32 0.878 0.999 0.912 1.160 1.037 0.954 1.004 
    
Average 2.402 3.553 0.015 0.068 0.102 160.25 22.24 
               CoV 0.090 0.013 0.139 0.170 0.181 0.116 0.153               
S1595 (Oxygen) 4 155 1.5 1 2.568 3.512 0.010 0.047 0.081 254.29 25.65 1.024 1.026 1.074 0.932 0.829 0.943 1.142 
    
2 2.366 3.460 0.010 0.060 0.071 243.93 21.66 0.943 1.011 1.032 1.197 0.730 0.904 0.964 
    
3 2.603 3.357 0.010 0.050 0.119 260.25 19.01 1.037 0.981 1.064 0.988 1.229 0.965 0.846 
    
4 2.498 3.359 0.008 0.044 0.118 320.27 23.52 0.996 0.982 0.830 0.883 1.212 1.188 1.047 
    
Average 2.509 3.422 0.009 0.050 0.097 269.68 22.46 
               CoV 0.042 0.022 0.115 0.138 0.258 0.128 0.126               
S1572 (Jingxing) 3 60 1.5 1 0.325 0.460 0.019 0.056 0.058 17.11 3.65 0.952 0.951 0.974 1.103 0.991 0.945 0.761 
    
2 0.350 0.480 0.024 0.061 0.063 14.58 3.51 1.026 0.992 1.231 1.202 1.077 0.806 0.733 
    
3 0.330 0.475 0.014 0.037 0.056 23.57 6.30 0.967 0.982 0.718 0.729 0.957 1.302 1.315 
    
4 0.360 0.520 0.021 0.049 0.057 17.14 5.71 1.055 1.075 1.077 0.966 0.974 0.947 1.192 
    
Average 0.341 0.484 0.020 0.051 0.059 18.10 4.80 
               CoV 0.048 0.053 0.216 0.205 0.053 0.212 0.297               
S1572 (Jingxing) 3 50 1.5 1 0.360 0.440 0.028 0.051 0.056 12.86 3.48 0.960 0.903 0.933 0.816 0.815 1.028 0.972 
    
2 0.340 0.425 0.027 0.047 0.058 12.59 4.25 0.907 0.872 0.900 0.752 0.844 1.006 1.188 
    
3 0.380 0.515 0.032 0.071 0.076 11.88 3.46 1.013 1.056 1.067 1.136 1.105 0.949 0.967 
    
4 0.420 0.570 0.033 0.081 0.085 12.73 3.13 1.120 1.169 1.100 1.296 1.236 1.017 0.873 
    
Average 0.375 0.488 0.030 0.063 0.069 12.51 3.58 
               CoV 0.091 0.139 0.098 0.259 0.205 0.035 0.133               
S1572 (Jingxing) 3 60 1.5 1 0.640 0.740 0.032 0.081 0.095 20.00 2.04 1.113 0.830 1.306 1.069 1.064 0.815 0.330 
    
2 0.580 0.960 0.024 0.077 0.088 24.17 7.17 1.009 1.077 0.980 1.017 0.986 0.984 1.161 
    
3 0.520 0.950 0.016 0.077 0.086 32.50 7.05 0.904 1.066 0.653 1.017 0.964 1.324 1.141 
    
4 0.560 0.915 0.026 0.068 0.088 21.54 8.45 0.974 1.027 1.061 0.898 0.986 0.877 1.368 
    
Average 0.575 0.891 0.025 0.076 0.089 24.55 6.18 
               CoV 0.087 0.115 0.270 0.073 0.044 0.227 0.458               
S1572 (Jingxing) 3 60 1.5 1 0.620 0.930 0.038 0.118 0.124 16.32 3.88 1.021 0.961 1.086 0.944 0.932 0.931 0.971 
  
    
2 0.620 0.940 0.037 0.127 0.133 16.76 3.56 1.021 0.972 1.057 1.016 1.000 0.956 0.891 
    
3 0.590 1.000 0.029 0.125 0.130 20.34 4.27 0.971 1.034 0.829 1.000 0.977 1.161 1.071 
    
4 0.600 1.000 0.036 0.130 0.145 16.67 4.26 0.988 1.034 1.029 1.040 1.090 0.951 1.067 
    
Average 0.608 0.968 0.035 0.125 0.133 17.52 3.99 
               CoV 0.025 0.039 0.117 0.041 0.066 0.108 0.086               
S1285 3 93 1.9 1 1.383 1.988 0.040 0.070 0.109 34.23 20.30 0.995 0.991 1.024 1.001 0.942 0.971 1.010 
    
2 1.398 2.024 0.039 0.070 0.1224 36.30 19.89 1.005 1.009 0.976 0.999 1.058 1.029 0.990 
    
Average 1.390 2.006 0.039 0.070 0.116 35.26 20.09 
               CoV 0.008 0.013 0.034 0.002 0.082 0.042 0.015               
S1285 3 110 1.9 1 1.392 1.596 0.038 0.060 0.150 36.34 9.36 0.955 0.831 0.972 0.801 1.038 0.983 0.782 
    
2 1.524 2.244 0.041 0.090 0.139 37.63 14.58 1.045 1.169 1.028 1.199 0.962 1.017 1.218 
    
Average 1.458 1.920 0.039 0.075 0.145 36.99 11.97 
               CoV 0.064 0.239 0.039 0.281 0.054 0.025 0.309               
           
Average 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
           
StDev 0.068 0.059 0.120 0.148 0.110 0.095 0.196 
           
CoV 0.068 0.059 0.120 0.148 0.110 0.095 0.196 
          
                  
         
  More 
than 2 
tests 
Average 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
         
  StDev 0.080 0.069 0.140 0.172 0.129 0.109 0.225 
         
  CoV 0.080 0.069 0.140 0.172 0.129 0.109 0.225 
 
  
 
B.2 MOMENT-ROTATION PARAMETERS OF JOINTS OF COLD-FORMED STEEL PORTAL FRAMES 
 
 
Configuration  
          
Reference Type of connection Beam Depth Upright Thickness ID Test M1 M2 M3 1 2 3 K1 K2 K3 
[-] [-] [mm] [mm] [-] [kNm] [kNm] [kNm] [rad] [rad] [rad] [kNm/rad] [kNm/rad] [kNm/rad] 
Hazlam, Md, Tahir, Sulaiman & Mahendran (2010) - Channels 
 
Direct (4 bolts) 150 
 
1-1 2.043 7.366 4.086 0.0026 0.0616 0.1268 785.77 90.22 -50.31 
Direct + Angle Web Cleat (8 bolts) 150 
 
1-2 4.086 8.817 4.677 0.0058 0.0405 0.1200 704.48 136.34 -52.08 
Direct + Angle Seat Cleat (12 bolts) 150 
 
1-3 6.344 8.817 4.677 0.0089 0.0337 0.1200 712.81 99.72 -47.97 
Direct + Angle Seat Cleat (16 bolts) 150 
 
1-4 7.097 9.624 4.946 0.0084 0.0226 0.1326 844.88 177.96 -42.53 
Direct (4 bolts) 200 
 
2-1 3.729 10.169 5.559 0.0017 0.0629 0.1419 2193.53 105.23 -58.35 
Direct + Angle Web Cleat (8 bolts) 200 
 
2-2 5.763 11.864 7.373 0.0025 0.0387 0.0839 2305.20 168.54 -99.36 
Direct + Angle Seat Cleat (12 bolts) 200 
 
2-3 5.763 10.170 6.356 0.0025 0.0226 0.0726 2305.20 219.25 -76.28 
Direct + Angle Seat Cleat (16 bolts) 200 
 
2-4 6.271 12.712 9.661 0.0027 0.0226 0.0796 2322.59 323.67 -53.53 
Direct (4 bolts) 250 
 
3-1 3.505 12.784 11.959 0.0014 0.0986 0.1290 2503.57 95.46 -27.14 
Direct + Angle Web Cleat (8 bolts) 250 
 
3-2 4.948 16.082 10.515 0.0019 0.0476 0.0881 2604.21 243.63 -137.46 
Direct + Angle Seat Cleat (12 bolts) 250 
 
3-3 6.392 14.536 7.526 0.0024 0.0253 0.1086 2663.33 355.63 -84.15 
Direct + Angle Seat Cleat (16 bolts) 250 
 
3-4 11.959 18.041 10.722 0.0057 0.0210 0.0829 2098.07 397.52 -118.24 
Dubina (2008)1-Relative moment-rotation values are presented - Back to back Channels 
Eave: I - section (16 bolts) 350 3 1-1 69.780 78.022 53.846 0.0186 0.0248 0.0546 3751.61 1329.35 -811.28 
Eave: I - section with an end plate (16 bolts) 350 3 1-2 84.066 102.747 49.451 0.0143 0.0220 0.0843 5878.74 2426.10 -855.47 
Eave: Spaced gusset (16 bolts) 350 3 1-3 42.857 52.747 23.626 0.0068 0.0143 0.0626 6302.50 1318.67 -602.92 
Apex: I - section (32 bolts) 350 3 2-1 100.550 107.590 66.480 0.0160 0.0209 0.0661 6284.38 1436.73 -909.51 
Apex: I - section with an end plate (16 bolts) 350 3 2-2 65.934 73.626 45.055 0.0116 0.0163 0.0551 5683.97 1636.60 -736.37 
Apex: Spaced gusset (16 bolts) 350 3 2-3 65.385 75.824 57.692 0.0127 0.0259 0.0408 5148.43 790.83 -1216.91 
Chung & Lau (1999) - Back to back Channels 
 
Column-Base:  Gusset plate (6mm) (2 bolts) 150 1.6 1-1 0.719 5.269 
 
0.0051 0.0949 
 
140.98 50.67 
 
Column-Base:  Gusset plate (6mm) (3 bolts) 150 1.6 1-2 1.317 12.455 
 
0.0012 0.0939 
 
1097.50 120.15 
 
Column-Base:  Gusset plate (6mm) (4 bolts) 150 1.6 1-3 3.234 10.539 
 
0.0018 0.0513 
 
1796.67 147.58 
 
Beam-Column: Gusset plate  (Triang, 6mm) (6 bolts) 150 1.6 2-1 1.519 4.051 3.544 0.0021 0.0354 0.0550 723.33 76.04 -25.87 
Beam-Column: Gusset plate  (Triang, 2x2.5mm) (6 bolts) 150 1.6 2-2 3.038 6.203 4.810 0.0021 0.0389 0.0868 1446.67 86.01 -29.08 
Beam-Column: Gusset plate  (Rect, 6mm) (6 bolts) 150 1.6 2-3 2.025 7.342 6.582 0.0025 0.0339 0.0796 810.00 169.33 -16.63 
Beam-Column: Gusset plate  (Rect, 2x2.5mm) (6 bolts) 150 1.6 2-4 2.278 9.747 7.848 0.0036 0.0639 0.0882 632.78 123.86 -78.15 
Beam-Column: Gusset plate  (Haunch, 6mm) (6 bolts) 150 1.6 2-5 13.924 
  
0.0171 
  
814.27 
  
Beam-Column: Gusset plate  (Haunch, 2x2.5mm) (6 bolts) 150 1.6 2-6 14.937 
  
0.0057 
  
2620.53 
  
Chung, Ho, Wang & Yu (2008) - Back to back Channels 
 
Apex: Gusset plate (8 bolts) 152 1.6 1-1 3.429 6.286 11.429 0.0015 0.0537 0.0882 2286.00 54.73 149.07 
 
152 1.6 1-2 1.714 4.190 12.000 0.0007 0.0272 0.0603 2316.22 93.58 235.95 
 
152 1.6 1-3 2.476 3.619 12.762 0.0011 0.0441 0.0772 2250.91 26.58 276.22 
 
152 1.6 1-4 3.048 4.762 11.810 0.0018 0.0397 0.0901 1693.33 45.22 139.84 
 
152 1.6 1-5 4.381 5.524 12.000 0.0029 0.0169 0.0357 1490.14 81.88 344.47 
Wong & Chung (2002)2 - Pitch change and normalised moment - Back to back Channels 
 
Column-Base: Gusset plate (20mm) (4 bolts) 150 1.6 1-1 3.390 11.728 15.669 0.0021 0.0142 0.0294 1614.29 689.07 259.27 
 
150 1.6 1-2 3.390 10.741 14.092 0.0021 0.0197 0.0447 1614.29 417.68 134.04 
 
150 1.6 1-3 3.390 11.234 12.909 0.0021 0.0312 0.0500 1614.29 269.57 89.08 
 
150 1.6 1-4 3.153 11.431 12.121 0.0042 0.0362 0.0500 743.56 259.02 49.99 
Kwon, Chung & Kim (2004 & 2006) - Closed Channel 
 
Column-Base: Double Angle (3.0 mm) 150 0.8 1-1 1.023 1.705 3.296 0.0219 0.0520 0.0724 46.74 22.64 77.88 
Column-Base: Double Angle (4.3 mm) 150 0.8 1-2 2.330 4.546 3.977 0.0092 0.0331 0.0496 252.11 93.03 -34.39 
Column-Base: Double Angle (5.6 mm) 150 0.8 1-3 2.330 4.659 3.409 0.0092 0.0365 0.0457 252.11 85.58 -135.43 
Apex: Gusset plate (1.6 mm) 150 0.8 2-3 3.269 4.231 3.462 0.0234 0.0412 0.0455 139.82 53.89 -178.42 
Apex: Gusset plate (2.3 mm) 150 0.8 2-4 1.923 4.087 3.846 0.0037 0.0172 0.0246 521.14 159.82 -32.61 
Apex: Gusset plate (3.2 mm) 150 0.8 2-5 4.423 5.096 4.519 0.0240 0.0302 0.0345 184.29 108.55 -134.19 
Apex: Gusset plate (1.6 mm) 150 0.8 2-6 2.539 3.339 3.200 0.0164 0.0288 0.0624 154.82 64.52 -4.14 
Apex: Gusset plate (2.3 mm) 150 0.8 2-7 3.130 3.791 3.722 0.0220 0.0336 0.0436 142.27 56.98 -6.90 
Apex: Gusset plate (3.2 mm) 150 0.8 2-8 3.687 3.930 3.130 0.0168 0.0192 0.0256 219.46 101.25 -125.00 
  
 
Eave: Gusset plate (2.3 mm) 150 0.8 3-1 0.800 2.489 2.311 0.0058 0.0366 0.0398 136.99 54.85 -56.44 
Eave: Gusset plate (2.3 mm) 150 0.8 3-2 3.022 3.733 3.556 0.0218 0.0351 0.0393 138.63 53.63 -41.62 
Eave: Gusset plate (2.3 mm) 150 0.8 3-3 0.978 2.800 2.667 0.0045 0.0283 0.0373 217.29 76.53 -14.83 
Eave: Gusset plate (2.3 mm) 150 0.8 3-4 3.556 4.000 3.911 0.0216 0.0301 0.0353 164.63 52.24 -17.12 
Anwer Ali, Saad, Osman (2010) - Single Channel 
 
Column-Beam: Direct 100 2 1-1 0.869 3.190 
 
0.0023 0.0700 
 
382.82 34.27 
 
Column-Beam: Direct 100 1.6 1-2 0.933 3.050 
 
0.0027 0.0700 
 
344.28 31.46 
 
Column-Base: Gusset plate (5mm) (4 bolts) 100 1.6 2-1 1.500 4.700 
 
0.0068 0.0661 
 
220.26 53.97 
 
Column-Base: Gusset plate (5mm) (2 bolts) 100 1.6 2-2 0.687 2.700 
 
0.0054 0.0689 
 
126.29 31.72 
 
Column-Base: Gusset plate (5mm) (3 bolts) 100 1.6 2-3 0.909 3.850 
 
0.0052 0.0698 
 
174.14 45.54 
 
Column-Base: Gusset plate (5mm) (3 bolts) 100 1.6 2-4 1.220 3.850 
 
0.0064 0.0698 
 
190.92 41.48 
 
Column-Base: Gusset plate (5mm) (4 bolts) (2-bays) 100 1.6 2-5 1.820 4.570 
 
0.0067 0.0695 
 
271.64 43.79 
 
Column-Base: Gusset plate (5mm) (4 bolts) 100 2 3-1 2.180 4.540 
 
0.0111 0.0686 
 
196.40 41.04 
 
Column-Base: Gusset plate (5mm) (2 bolts) 100 2 3-2 0.610 2.450 
 
0.0057 0.0706 
 
106.27 28.37 
 
Column-Base: Gusset plate (5mm) (3 bolts) 100 2 3-3 1.050 4.070 
 
0.0065 0.0684 
 
160.55 48.82 
 
Column-Base: Gusset plate (5mm) (3 bolts) 100 2 3-4 1.050 4.070 
 
0.0065 0.0684 
 
160.55 48.82 
 
Column-Base: Gusset plate (5mm) (4 bolts) (2-bays) 100 2 3-5 1.870 4.610 
 
0.0100 0.0662 
 
187.75 48.72 
 
Wong & Chung (2002)2 - Pitch change and normalised moment - Back-to-back Channels 
 
Column-Beam: Cross gusset plate (10 mm) (4 bolts) (90 mm pitch) 150 1.6 1-1 2.520 6.160 
 
0.0037 0.0444 
 
675.60 89.50 
 
Column-Beam: Cross gusset plate (10 mm) (4 bolts) (180 mm pitch) 150 2 1-2 6.120 12.800 14.700 0.0048 0.0213 0.0456 1285.71 403.87 78.19 
Column-Beam: Cross gusset plate (10 mm) (4 bolts) (240 mm pitch) 150 1.6 1-3 11.190 12.380 
 
0.0117 0.0076 
 
956.41 -288.14 
 
Column-Beam: Cross gusset plate (16 mm) (4 bolts) (90 mm pitch) 150 2 2-1 3.140 16.900 17.100 0.0034 0.0699 0.0726 931.75 206.82 74.07 
Column-Beam: Cross gusset plate (16 mm) (4 bolts) (180 mm pitch) 150 2 2-2 4.620 19.900 
 
0.0029 0.0350 
 
1621.05 475.27 
 
Column-Beam: Tee gusset plate (10 mm) (4 bolts) (180 mm pitch) 150 2 3-1 9.420 16.900 
 
0.0082 0.0469 
 
1155.83 193.03 
 
Column-Beam: Tee gusset plate (10 mm) (4 bolts) (240 mm pitch) 150 2 3-2 12.900 18.600 
 
0.0090 0.0404 
 
1428.57 181.70 
 
Column-Beam: Tee gusset plate (16 mm) (4 bolts) (180 mm pitch) 150 2 3-3 12.500 20.900 
 
0.0026 0.0121 
 
4901.96 879.58 
 
Column-Beam: Cross chamfered gusset plate (10 mm) (4 bolts) (180 mm pitch) 150 2 4-1 2.570 18.100 
 
0.0008 0.0401 
 
3204.49 395.19 
 
Column-Beam: Cross chamfered gusset plate (10 mm) (4 bolts) (240 mm pitch) 150 2 4-2 3.370 18.900 
 
0.0013 0.0419 
 
2674.60 382.14 
 
Column-Beam: Tee chamfered gusset plate (10 mm) (4 bolts) (180 mm pitch) 150 2 4-3 6.620 14.000 19.300 0.0019 0.0118 0.0354 3484.21 745.45 224.58 
Column-Beam: Tee chamfered gusset plate (10 mm) (4 bolts) (240 mm pitch) 150 2 4-4 8.550 18.100 
 
0.0035 0.0333 
 
2415.25 320.90 
 
Column-Beam: Cross chamfered gusset plate (6 mm) (4 bolts) (180 mm pitch) 150 2 5-1 4.460 9.580 13.700 0.0040 0.0177 0.0500 1109.45 374.27 127.55 
Column-Beam: Cross chamfered gusset plate (6 mm) (4 bolts) (240 mm pitch) 150 2 5-2 2.700 10.500 13.500 0.0006 0.0212 0.0501 4218.75 379.38 103.81 
Column-Beam: Tee chamfered gusset plate (6 mm) (4 bolts) (180 mm pitch) 150 2 5-3 3.760 11.400 14.300 0.0004 0.0183 0.0499 9920.84 426.32 
 
Column-Beam: Tee chamfered gusset plate (6 mm) (4 bolts) (240 mm pitch) 150 2 5-4 2.270 11.700 13.200 0.0033 0.0371 0.0481 683.73 279.16 
 
Column-Beam: Cross gusset plate (10 mm) (4 bolts) (180 mm pitch) 150 1.6 6-1 4.100 8.770 8.090 0.0060 0.0204 0.0242 683.33 324.31 -178.95 
Column-Beam: Cross gusset plate (16 mm) (4 bolts) (180 mm pitch) 150 1.6 6-2 7.840 8.360 6.590 0.0118 0.0142 0.0236 664.41 216.67 -188.30 
Column-Beam: Cross chamfered gusset plate (10 mm) (4 bolts) (180 mm pitch) 150 1.6 6-3 4.100 8.500 7.560 0.0060 0.0192 0.0247 683.33 333.33 -170.91 
Column-Beam: Cross chamfered gusset plate (6 mm) (4 bolts) (180 mm pitch) 150 1.6 6-4 2.720 8.950 8.740 0.0039 0.0202 0.0239 701.03 381.74 -56.76 
Column-Beam: Cross chamfered gusset plate (16 mm) (4 bolts) (440 mm pitch) 250 2 7-1 22.800 28.900 
 
0.0095 0.0144 
 
2407.60 1237.32 
 
Column-Beam: Cross chamfered gusset plate (10 mm) (4 bolts) (340 mm pitch) (L) 250 2.5 7-2 6.860 31.500 31.000 0.0037 0.0306 0.0317 1849.06 916.33 -454.55 
Column-Beam: Cross chamfered gusset plate (10 mm) (4 bolts) (340 mm pitch) (S) 250 2 7-3 29.200 34.200 
 
0.0131 0.0177 
 
2229.01 1086.96 
 
Column-Beam: Cross chamfered gusset plate (6 mm) (4 bolts) (340 mm pitch) (L) 250 2 7-4 11.000 27.500 
 
0.0037 0.0132 
 
2949.06 1742.34 
 
Column-Beam: Cross chamfered gusset plate (6 mm) (4 bolts) (340 mm pitch) (S) 250 2 7-5 11.600 30.400 
 
0.0028 0.0101 
 
4218.18 2561.31 
 
Tan et al. (2013) 2 - Not till failure - Back-to-back Channels 
 
Column-Beam: Top-seat cleat (6 mm) (8 bolts) (50 mm pitch) 150 2 1-1 0.988 4.890 
 
0.0104 0.1070 
 
95.00 40.39 
 
Column-Beam: Top-seat cleat (6 mm) (8 bolts) (50 mm pitch) 200 2 1-2 1.360 5.740 
 
0.0083 0.0701 
 
163.07 70.92 
 
Column-Beam: Top-seat cleat (6 mm) (8 bolts) (50 mm pitch) 250 2 1-3 1.680 5.580 
 
0.0088 0.0479 
 
190.91 99.74 
 
Zhang (2014) - Back-to-back Channels 
Apex: Gusset plate (20 mm) 220 1.9 1-1 17.100 36.800 22.000 0.0017 0.0100 0.0182 9941.86 2387.88 -1798.30 
 
220 1.9 1-2 14.900 36.000 22.000 0.0014 0.0101 0.0177 10567.38 2428.08 -1842.11 
 
220 1.9 1-3 14.900 31.700 
 
0.0009 0.0080 
 
15783.90 2394.53 
 
 
220 1.9 1-4 17.500 31.100 
 
0.0012 0.0064 
 
15086.21 2605.36 
 
   
Av 16.100 33.900 22.000 0.001 0.009 0.018 12844.835 2453.962 -1820.202 
   
StDev 1.395 2.915 0.000 0.000 0.002 0.000 3015.290 102.457 30.976 
   
CoV 0.087 0.086 0.000 0.255 0.206 0.020 0.235 0.042 -0.017 
Eave: Gusset plate (20 mm) 220 1.2 2-1 27.800 31.200 19.700 0.0043 0.0126 0.0187 6465.12 409.64 -1885.25 
  
 
 
220 1.2 2-2 10.000 28.600 23.200 0.0014 0.0065 0.0174 7042.25 3647.06 
 
   
Av 18.900 29.900 21.450 0.003 0.010 0.018 6753.685 2028.349 -1885.246 
   
StDev 12.587 1.838 2.475 0.002 0.004 0.001 408.098 2289.202 
 
   
CoV 0.666 0.061 0.115 0.712 0.450 0.051 0.060 1.129 
 
Apex: Gusset plate (20 mm) 220 1.9 1-1 15.951 30.532 22.366 0.0013 0.0069 0.0174 12565.96 2587.84 -778.50 
Eave: Gusset plate (20 mm) 220 1.2 2-1 26.802 29.797 20.338 0.0049 0.0124 0.0180 5480.58 396.57 -1717.79 
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APPENDIX C – DEVELOPED COMPUTER PROGRAMS 
 
This appendix provides examples of the Matlab scripts, Matlab functions and Python scripts 
developed during this doctoral thesis. 
 
i) Abaqus input file generator for storage rack frames– Matlab script; 
ii) Abaqus input file generator for CF portal frames under gravity load only– Matlab script; 
iii) Abaqus mesh generator for rack frames – Matlab script; 
iv) Abaqus mesh generator for CF portal frames – Matlab script; 
v) Failure load output – Python script; 
vi) System reliability index for gravity loads only – Matlab script; 
vii) System reliability index for combined gravity and wind loads – Matlab function; 
viii) Various embedded functions – Matlab functions. 
 
C.1 Abaqus input file generator – Matlab script 
 
% F. Sena Cardoso 
% This program reproduces the same file with different values 
% For Frame 2 
% Latin Hypercube Sampling 
clc, clearvars 
% Create Nsim number of files   
Nsim=200; % Number of simulations 
% Defining the random variables 
teta2_v=logngen(Nsim,0.07,0.17*0.07);      
teta1_v=logngen(Nsim,0.039,0.14*0.039);    
M2_v=logngen(Nsim,1.552E6,0.07*1.552E6);   
M1_v=logngen(Nsim,1.236E6,0.08*1.236E6);   
hb_v=normgen(Nsim,1.6,0.05*1.6);           
hu_v=normgen(Nsim,1.2,0.05*1.2);           
Eb_v=normgen(Nsim,200E3,12E3);           
fyb_v=logngen(Nsim,330,33);       
Eu_v=normgen(Nsim,200E3,12E3 
fyu_v=logngen(Nsim,330,33);   
outofplumbg_v=normgen(Nsim,0,1/980);       
outofplumb1_v=normgen(Nsim,0,1/4600);      
outofplumb2_v=normgen(Nsim,0,1/4600);      
outofplumb3_v=normgen(Nsim,0,1/4600);      
outofplumb4_v=normgen(Nsim,0,1/4600);      
outofplumb5_v=normgen(Nsim,0,1/4600);      
outofplumb6_v=normgen(Nsim,0,1/4600);      
LL=-1000*9.81/(2*15.8*2380); % Live load = 1000 kg 
for i=1:Nsim 
    % Defining the random variables 
    teta2=teta2_v(i); 
    teta1=teta1_v(i); 
    M2=M2_v(i); 
    M1=M1_v(i); 
    hb=hb_v(i); 
    hu=hu_v(i); 
    Eb=Eb_v(i); 
    fyb=fyb_v(i); 
    Eu=Eu_v(i); 
    fyu=fyu_v(i);     
    outofplumb1=outofplumbg_v(i)+outofplumb1_v(i); 
    outofplumb2=outofplumbg_v(i)+outofplumb2_v(i); 
    outofplumb3=outofplumbg_v(i)+outofplumb3_v(i); 
    outofplumb4=outofplumbg_v(i)+outofplumb4_v(i); 
    outofplumb5=outofplumbg_v(i)+outofplumb5_v(i); 
    outofplumb6=outofplumbg_v(i)+outofplumb6_v(i); 
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    % open the reading and writing files     
    fin=fopen('Frame4b-NominalR.inp','r'); % open the reading file 
    filename=sprintf('Frame4b-%d.inp',i); 
    fout=fopen(filename,'w'); %open the writing file 
    k=0; 
     while ~feof(fin) % while doesn't get to the end of the file 
       if k==0  
          t=fgetl(fin); % store text of the line in s 
          if strcmp(t,'*Material, name=CFSteelb')  
                fprintf(fout,'%s\n',t); 
                k=1; % sets a different value of k to change the value next to this line 
          elseif strcmp(t,'*Material, name=CFSteelu') 
                fprintf(fout,'%s\n',t);  
                k=2; % sets a different value of k to change the value next to this line 
          elseif strcmp(t,'*Connector Elasticity, nonlinear, component=4') 
                fprintf(fout,'%s\n',t); 
                k=3; % sets a different value of k to change the value next to this line 
          elseif strcmp(t,'** Section: Tb') 
                fprintf(fout,'%s\n',t); 
                k=4; % sets a different value of k to change the value next to this line 
          elseif strcmp(t,'** Section: Tu') 
                fprintf(fout,'%s\n',t); 
                k=5; % sets a different value of k to change the value next to this line                 
          elseif strncmp(t,'*Instance, name=Upright1',24) 
                fprintf(fout,'%s\n',t); 
                k=6; % sets a different value of k to change the value next to this line 
          elseif strncmp(t,'*Instance, name=Upright2',24) 
                fprintf(fout,'%s\n',t); 
                k=7; % sets a different value of k to change the value next to this line 
          elseif strncmp(t,'*Instance, name=Upright3',24) 
                fprintf(fout,'%s\n',t); 
                k=8; % sets a different value of k to change the value next to this line 
          elseif strncmp(t,'*Instance, name=Upright4',24) 
                fprintf(fout,'%s\n',t); 
                k=9; % sets a different value of k to change the value next to this line 
          elseif strncmp(t,'*Instance, name=Upright5',24) 
                fprintf(fout,'%s\n',t); 
                k=10; % sets a different value of k to change the value next to this line 
          elseif strncmp(t,'*Instance, name=Upright6',24) 
                fprintf(fout,'%s\n',t); 
                k=11; % sets a different value of k to change the value next to this line          
          elseif strncmp(t,'*Instance, name=BeamB1',22)  
                fprintf(fout,'%s\n',t); 
                k=12; % sets a different value of k to change the value next to this line 
          elseif strncmp(t,'*Instance, name=BeamB2',22)  
                fprintf(fout,'%s\n',t); 
                k=13; % sets a different value of k to change the value next to this line                 
          elseif strncmp(t,'*Instance, name=BeamB3',22)  
                fprintf(fout,'%s\n',t); 
                k=14; % sets a different value of k to change the value next to this line                              
          elseif strncmp(t,'*Instance, name=BeamB4',22)  
                fprintf(fout,'%s\n',t); 
                k=15; % sets a different value of k to change the value next to this line 
          elseif strncmp(t,'*Instance, name=BeamB5',22)  
                fprintf(fout,'%s\n',t); 
                k=16; % sets a different value of k to change the value next to this line 
          elseif strcmp(t,'** Name: Imposed Load   Type: Pressure') 
                fprintf(fout,'%s\n',t); 
                k=17;               
          else 
                    fprintf(fout,'%s\n',t); %write content of line in new file 
          end 
       % open path k=1    
       elseif k==1 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin);           
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            t=Eb;  
            fprintf(fout,'%s, 0.3\n',t); % changes value of Young's Modulus 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin); 
            t=fyb*(1+(fyb/Eb)); 
            u=log(1+(fyb/Eb))-fyb*(1+(fyb/Eb))/Eb;            
            fprintf(fout,'%e, 0.\n',t); % true stress vs logarithmic plastic strain 
            t=fgetl(fin);        
            t=fyb*(1+1.1*(fyb/Eb)); 
            u=log(1+1.1*(fyb/Eb))-fyb*(1+1.1*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain  
            t=fyb*(1+1.25*(fyb/Eb)); 
            u=log(1+1.25*(fyb/Eb))-fyb*(1+1.25*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain   
            t=fyb*(1+1.5*(fyb/Eb)); 
            u=log(1+1.5*(fyb/Eb))-fyb*(1+1.5*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain                       
            t=fyb*(1+2*(fyb/Eb)); 
            u=log(1+2*(fyb/Eb))-fyb*(1+2*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain                
            t=fyb*(1+3*(fyb/Eb)); 
            u=log(1+3*(fyb/Eb))-fyb*(1+3*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fyb*(1+4*(fyb/Eb)); 
            u=log(1+4*(fyb/Eb))-fyb*(1+4*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fyb*(1+5*(fyb/Eb)); 
            u=log(1+5*(fyb/Eb))-fyb*(1+5*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fyb*(1+10*(fyb/Eb)); 
            u=log(1+10*(fyb/Eb))-fyb*(1+10*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fyb*(1+50*(fyb/Eb)); 
            u=log(1+50*(fyb/Eb))-fyb*(1+50*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain  
            k=0; 
       % open path k=2 
       elseif k==2 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin);           
            t=Eu;  
            fprintf(fout,'%s, 0.3\n',t); % changes value of Young's Modulus 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin); 
            t=fyu*(1+(fyu/Eu)); 
            u=log(1+(fyu/Eu))-fyu*(1+(fyu/Eu))/Eu;            
            fprintf(fout,'%e, 0.\n',t); % true stress vs logarithmic plastic strain 
            t=fgetl(fin); 
            t=fyu*(1+1.1*(fyu/Eu)); 
            u=log(1+1.1*(fyu/Eu))-fyu*(1+1.1*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fyu*(1+1.25*(fyu/Eu)); 
            u=log(1+1.25*(fyu/Eu))-fyu*(1+1.25*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fyu*(1+1.5*(fyu/Eu)); 
            u=log(1+1.5*(fyu/Eu))-fyu*(1+1.5*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain  
            t=fyu*(1+2*(fyu/Eu)); 
            u=log(1+2*(fyu/Eu))-fyu*(1+2*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain                
            t=fyu*(1+3*(fyu/Eu)); 
            u=log(1+3*(fyu/Eu))-fyu*(1+3*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fyu*(1+4*(fyu/Eu)); 
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            u=log(1+4*(fyu/Eu))-fyu*(1+4*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fyu*(1+5*(fyu/Eu)); 
            u=log(1+5*(fyu/Eu))-fyu*(1+5*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fyu*(1+10*(fyu/Eu)); 
            u=log(1+10*(fyu/Eu))-fyu*(1+10*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fyu*(1+50*(fyu/Eu)); 
            u=log(1+50*(fyu/Eu))-fyu*(1+50*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain  
            k=0; 
       % open path k=3 
       elseif k==3 
            t=fgetl(fin); 
            t=-M2;   
            fprintf(fout,' %e, ',t); 
            t=-teta2/4; % Factor 4 to take into account scaling from cantilever results to portal/full-scale frame 
            fprintf(fout,'%e, \n',t); 
            t=fgetl(fin); 
            t=-M1;   
            fprintf(fout,' %e, ',t); 
            t=-teta1/4; % Factor 4 to take into account scaling from cantilever results to portal/full-scale frame   
            fprintf(fout,'%e, \n',t); 
            t=fgetl(fin); 
            t='0';   
            fprintf(fout,' %s, ',t); 
            t='0';   
            fprintf(fout,'%s, \n',t); 
            t=fgetl(fin); 
            t=M1;   
            fprintf(fout,' %e, ',t); 
            t=teta1/4; % Factor 4 to take into account scaling from cantilever results to portal/full-scale frame   
            fprintf(fout,'%e, \n',t); 
            t=fgetl(fin); 
            t=M2;  
            fprintf(fout,' %e, ',t); 
            t=teta2/4; % Factor 4 to take into account scaling from cantilever results to portal/full-scale frame  
            fprintf(fout,'%e, \n',t); 
            k=0; %changes the matrix of the joint moment-rotation  
            %abaqus can read without the right number os spaces (symmetry) 
       % open path k=4    
       elseif k==4 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           t=fgetl(fin); 
           t=hb;  
           fprintf(fout,'%s, 5\n',t); 
           k=0; %changes what is in the line after ** Section: T16 
        % open path k=5    
       elseif k==5 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           t=fgetl(fin); 
           t=hu;  
           fprintf(fout,'%s, 5\n',t); 
           k=0; %changes what is in the line after ** Section: T19              
       % open path k=6 
       elseif k==6 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           a=str2num(t); 
           t=fgetl(fin); 
           d=AxisAngle(outofplumb1); 
           fprintf(fout,'       %12e, %12e, %12e, %12e, %12e, %12e, 
%12e\n',a(1),a(2),a(3),a(1)+d(2),a(2)+d(3),a(3)+d(4),d(1)); 
           t=fgetl(fin); 
           t=sprintf('Frame4_Upright1N_%d.inp',i); 
           fprintf(fout,'*Node, Input=%s\n',t); 
           k=0; 
       % open path k=7 
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       elseif k==7 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           a=str2num(t); 
           t=fgetl(fin); 
           d=AxisAngle(outofplumb2); 
           fprintf(fout,'       %12e, %12e, %12e, %12e, %12e, %12e, 
%12e\n',a(1),a(2),a(3),a(1)+d(2),a(2)+d(3),a(3)+d(4),d(1)); 
           t=fgetl(fin); 
           t=sprintf('Frame4_Upright2N_%d.inp',i); 
           fprintf(fout,'*Node, Input=%s\n',t); 
           k=0;        
       % open path k=8 
       elseif k==8 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           a=str2num(t); 
           t=fgetl(fin); 
           d=AxisAngle(outofplumb3); 
           fprintf(fout,'       %12e, %12e, %12e, %12e, %12e, %12e, 
%12e\n',a(1),a(2),a(3),a(1)+d(2),a(2)+d(3),a(3)+d(4),d(1)); 
           t=fgetl(fin); 
           t=sprintf('Frame4_Upright3N_%d.inp',i); 
           fprintf(fout,'*Node, Input=%s\n',t); 
           k=0; 
       % open path k=9 
       elseif k==9 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           a=str2num(t); 
           t=fgetl(fin); 
           d=AxisAngle(outofplumb4); 
           fprintf(fout,'       %12e, %12e, %12e, %12e, %12e, %12e, 
%12e\n',a(1),a(2),a(3),a(1)+d(2),a(2)+d(3),a(3)+d(4),d(1)); 
           t=fgetl(fin); 
           t=sprintf('Frame4_Upright4N_%d.inp',i); 
           fprintf(fout,'*Node, Input=%s\n',t); 
           k=0;            
       % open path k=10 
       elseif k==10 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           a=str2num(t); 
           t=fgetl(fin); 
           d=AxisAngle(outofplumb5); 
           fprintf(fout,'       %12e, %12e, %12e, %12e, %12e, %12e, 
%12e\n',a(1),a(2),a(3),a(1)+d(2),a(2)+d(3),a(3)+d(4),d(1)); 
           t=fgetl(fin); 
           t=sprintf('Frame4_Upright5N_%d.inp',i); 
           fprintf(fout,'*Node, Input=%s\n',t); 
           k=0;           
       % open path k=11 
       elseif k==11 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           a=str2num(t); 
           t=fgetl(fin); 
           d=AxisAngle(outofplumb6); 
           fprintf(fout,'       %12e, %12e, %12e, %12e, %12e, %12e, 
%12e\n',a(1),a(2),a(3),a(1)+d(2),a(2)+d(3),a(3)+d(4),d(1)); 
           t=fgetl(fin); 
           t=sprintf('Frame4_Upright6N_%d.inp',i); 
           fprintf(fout,'*Node, Input=%s\n',t); 
           k=0;                          
       % open path k=12 
       elseif k==12 
           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb1+outofplumb2)/2; 
           fprintf(fout,'        %12e, %12e, %12e\n',t(1),t(2),t(3)); 
           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb1+outofplumb2)/2; 
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           t(4)= t(1); 
           t(5)= t(2)+1; 
           fprintf(fout,'        %12e, %12e, %12e, %12e, %12e, %12e, %12e\n',t(1),t(2),t(3),t(4),t(5),t(6),t(7)); 
           t=fgetl(fin); 
           t=sprintf('Frame4_BeamN_%d.inp',i); 
           fprintf(fout,'*Node, Input=%s\n',t); 
           k=0; 
       % open path k=13 
       elseif k==13 
           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb2+outofplumb3)/2; 
           fprintf(fout,'        %12e, %12e, %12e\n',t(1),t(2),t(3)); 
           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb2+outofplumb3)/2; 
           t(4)= t(1); 
           t(5)= t(2)+1; 
           fprintf(fout,'        %12e, %12e, %12e, %12e, %12e, %12e, %12e\n',t(1),t(2),t(3),t(4),t(5),t(6),t(7)); 
           t=fgetl(fin); 
           t=sprintf('Frame4_BeamN_%d.inp',i); 
           fprintf(fout,'*Node, Input=%s\n',t); 
           k=0; 
       % open path k=14 
       elseif k==14 
           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb3+outofplumb4)/2; 
           fprintf(fout,'        %12e, %12e, %12e\n',t(1),t(2),t(3)); 
           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb3+outofplumb4)/2; 
           t(4)= t(1); 
           t(5)= t(2)+1; 
           fprintf(fout,'        %12e, %12e, %12e, %12e, %12e, %12e, %12e\n',t(1),t(2),t(3),t(4),t(5),t(6),t(7)); 
           t=fgetl(fin); 
           t=sprintf('Frame4_BeamN_%d.inp',i); 
           fprintf(fout,'*Node, Input=%s\n',t); 
           k=0; 
       % open path k=15 
       elseif k==15 
           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb4+outofplumb5)/2; 
           fprintf(fout,'        %12e, %12e, %12e\n',t(1),t(2),t(3)); 
           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb4+outofplumb5)/2; 
           t(4)= t(1); 
           t(5)= t(2)+1; 
           fprintf(fout,'        %12e, %12e, %12e, %12e, %12e, %12e, %12e\n',t(1),t(2),t(3),t(4),t(5),t(6),t(7)); 
           t=fgetl(fin); 
           t=sprintf('Frame4_BeamN_%d.inp',i); 
           fprintf(fout,'*Node, Input=%s\n',t); 
           k=0;            
       % open path k=16 
       elseif k==16 
           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb5+outofplumb6)/2; 
           fprintf(fout,'        %12e, %12e, %12e\n',t(1),t(2),t(3)); 
           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb5+outofplumb6)/2; 
           t(4)= t(1); 
           t(5)= t(2)+1; 
           fprintf(fout,'        %12e, %12e, %12e, %12e, %12e, %12e, %12e\n',t(1),t(2),t(3),t(4),t(5),t(6),t(7)); 
           t=fgetl(fin); 
           t=sprintf('Frame4_BeamN_%d.inp',i); 
           fprintf(fout,'*Node, Input=%s\n',t); 
           k=0;            
       % open path k=17               
       elseif k==17 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); % writes content of line in new file        
           t=fgetl(fin); 
           t=LL; 
           fprintf(fout,'BeamTop, P, %e\n',t); 
           k=0;     
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       end 
     end 
     % End of modifications 
     % Closing the files 
     fclose(fin); 
     % fclose(fin2); 
     fclose(fout); 
end 
     
    % Exit 
 
C.2 Abaqus input file generator for CF portal frames under gravity load only– Matlab 
script 
 
% F. Sena Cardoso 
% This program reproduces the same file with different values 
% For PFrame 8 
% Latin Hypercube Sampling 
clc, clearvars 
% Create Nsim number of files   
Nsim=200; % Number of simulations 
% Defining the random variables 
% Joint stiffness parameters for Eave (E), Apex (A) and Base-Column (B) 
    K2_E_v=logngen(Nsim,300E6,0.15*300E6);  
    K1_E_v=logngen(Nsim,4800E6,0.30*4800E6);   
    M2_E_v=logngen(Nsim,46E6,0.15*46E6);   
    M1_E_v=logngen(Nsim,38E6,0.1*38E6);   
    K2_A_v=logngen(Nsim,1125E6,0.15*1125E6);    
    K1_A_v=logngen(Nsim,10500E6,0.30*10500E6);  
    M2_A_v=logngen(Nsim,48E6,0.15*48E6);   
    M1_A_v=logngen(Nsim,34E6,0.1*34E6);   
    % K2_B_v=logngen(Nsim,450E6,0.15*450E6);      
    % K1_B_v=logngen(Nsim,6000E6,0.30*6000E6);    
    % M2_B_v=logngen(Nsim,50E6,0.15*50E6);   
    % M1_B_v=logngen(Nsim,30E6,0.1*30E6);   
% Fabrication tolerance 
    hb_v=normgen(Nsim,3.0,0.05*3.0);           
    hu_v=normgen(Nsim,1.2,0.05*1.2);         
% Material properties 
    Eb_v=normgen(Nsim,200E3,12E3);            
    fyb_v=logngen(Nsim,1.1*550,60.5);                
    Eu_v=normgen(Nsim,200E3,12E3);             
    fyu_v=logngen(Nsim,1.1*550,60.5);               
% Out-of-plumb 
    outofplumbg_v=normgen(Nsim,0,1/610);       
% Gravity Load 
    LL=-7*1000/(2*106*6800); % Live load = 1kN/m 
for i=1:Nsim   
    % Defining the random variables 
    M2_E=M2_E_v(i); 
    M1_E=M1_E_v(i); 
        if M2_E<M1_E 
           M2_E=M1_E+100000; 
        else 
           M2_E=M2_E; 
        end    
    teta1_E=M1_E/K1_E_v(i); 
    teta2_E=teta1_E+(M2_E-M1_E)/K2_E_v(i); 
    M2_A=M2_A_v(i); 
    M1_A=M1_A_v(i); 
        if M2_A<M1_A 
           M2_A=M1_A+100000; 
        else 
           M2_A=M2_A; 
        end   
    teta1_A=M1_A/K1_A_v(i); 
    teta2_A=teta1_A+(M2_A-M1_A)/K2_A_v(i); 
    % M2_B=M2_B_v(i); 
    % M1_B=M1_B_v(i); 
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        % if M2_B<M1_B 
           % M2_B=M1_B+100000; 
        % else 
           % M2_B=M2_B; 
        % end 
    % teta1_B=M1_B/K1_B_v(i); 
    % teta2_B=teta1_B+(M2_B-M1_B)/K2_B_v(i);     
    hb=hb_v(i); 
    hu=hu_v(i); 
    Eb=Eb_v(i); 
    fyb=fyb_v(i); 
    Eu=Eu_v(i); 
    fyu=fyu_v(i);     
    outofplumb1=outofplumbg_v(i); 
    outofplumb2=outofplumbg_v(i);  
    % open the reading and writing files     
    fin=fopen('PFrame8-NominalR.inp','r'); % open the reading file 
    filename=sprintf('PFrame8-%d.inp',i); 
    fout=fopen(filename,'w'); %open the writing file 
    % fin2=fopen('ElementNodes_%d.inp','r',i); % open the second reading file 
    % open path k=0 
    k=0; 
     while ~feof(fin) % while doesn't get to the end of the file 
       if k==0  
          t=fgetl(fin); % store text of the line in s 
          if strcmp(t,'*Material, name=CFBeam') 
                fprintf(fout,'%s\n',t);  
                k=1; % sets a different value of k to change the value next to this line 
          elseif strcmp(t,'*Material, name=CFColumn') 
                fprintf(fout,'%s\n',t); 
                k=2; % sets a diff erent value of k to change the value next to this line 
          elseif strcmp(t,'*Connector Behavior, name=Apex') 
                fprintf(fout,'%s\n',t); 
                k=3; % sets a different value of k to change the value next to this line           
          elseif strcmp(t,'*Connector Behavior, name=Eave') 
                fprintf(fout,'%s\n',t); 
                k=4; % sets a different value of k to change the value next to this line             
          % elseif strcmp(t,'*Connector Behavior, name=BaseCon') 
                % fprintf(fout,'%s\n',t); 
                % k=5; % sets a different value of k to change the value next to this line            
          elseif strcmp(t,'** Section: TB') 
                fprintf(fout,'%s\n',t); 
                k=6; % sets a different value of k to change the value next to this line 
          elseif strcmp(t,'** Section: TB+Gusset') 
                fprintf(fout,'%s\n',t); 
                k=7; % sets a different value of k to change the value next to this line           
          elseif strcmp(t,'** Section: TC') 
                fprintf(fout,'%s\n',t); 
                k=8; % sets a different value of k to change the value next to this line                 
          elseif strcmp(t,'** Section: TC+Gusset') 
                fprintf(fout,'%s\n',t); 
                k=9; % sets a different value of k to change the value next to this line  
          elseif strncmp(t,'*Instance, name=Column-1',24) 
                fprintf(fout,'%s\n',t); 
                k=10; % sets a different value of k to change the value next to this line 
          elseif strncmp(t,'*Instance, name=Column-2',24) 
                fprintf(fout,'%s\n',t); 
                k=11; % sets a different value of k to change the value next to this line 
          elseif strncmp(t,'*Instance, name=Beam-1',22) 
                fprintf(fout,'%s\n',t); 
                k=12; % sets a different value of k to change the value next to this line 
          elseif strncmp(t,'*Instance, name=Beam-2',22) 
                fprintf(fout,'%s\n',t); 
                k=13; % sets a different value of k to change the value next to this line                                
          elseif strncmp(t,'*Instance, name=LEave',21) 
                fprintf(fout,'%s\n',t); 
                k=14; % sets a different value of k to change the value next to this line 
          elseif strncmp(t,'*Instance, name=REave',21) 
                fprintf(fout,'%s\n',t); 
                k=15; % sets a different value of k to change the value next to this line           
          elseif strncmp(t,'*Instance, name=Apex-1',22) 
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                fprintf(fout,'%s\n',t); 
                k=16; % sets a different value of k to change the value next to this line             
          elseif strncmp(t,'*Instance, name=Tie-1',21) 
                fprintf(fout,'%s\n',t); 
                k=17; % sets a different value of k to change the value next to this line                     
          elseif strcmp(t,'** Name: Gravity   Type: Surface traction') 
                fprintf(fout,'%s\n',t); 
                k=18; 
           elseif strcmp(t,'**Reference Points') 
                fprintf(fout,'%s\n',t); 
                k=19;                
          else 
                    fprintf(fout,'%s\n',t); %write content of line in new file 
          end 
       % open path k=1    
       elseif k==1 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin);           
            t=Eb;  
            fprintf(fout,'%s, 0.3\n',t); % changes value of Young's Modulus 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin); 
            t=fyb*(1+(fyb/Eb)); 
            u=log(1+(fyb/Eb))-fyb*(1+(fyb/Eb))/Eb;            
            fprintf(fout,'%e, 0.\n',t); % true stress vs logarithmic plastic strain 
            t=fgetl(fin);        
            t=fyb*(1+1.1*(fyb/Eb)); 
            u=log(1+1.1*(fyb/Eb))-fyb*(1+1.1*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain  
            t=fgetl(fin);  
            t=fyb*(1+1.25*(fyb/Eb)); 
            u=log(1+1.25*(fyb/Eb))-fyb*(1+1.25*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain   
            t=fgetl(fin); 
            t=fyb*(1+1.5*(fyb/Eb)); 
            u=log(1+1.5*(fyb/Eb))-fyb*(1+1.5*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain                       
            t=fgetl(fin); 
            t=fyb*(1+2*(fyb/Eb)); 
            u=log(1+2*(fyb/Eb))-fyb*(1+2*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain                
            t=fgetl(fin); 
            t=fyb*(1+3*(fyb/Eb)); 
            u=log(1+3*(fyb/Eb))-fyb*(1+3*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fgetl(fin); 
            t=fyb*(1+4*(fyb/Eb)); 
            u=log(1+4*(fyb/Eb))-fyb*(1+4*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fgetl(fin); 
            t=fyb*(1+5*(fyb/Eb)); 
            u=log(1+5*(fyb/Eb))-fyb*(1+5*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fgetl(fin); 
            t=fyb*(1+10*(fyb/Eb)); 
            u=log(1+10*(fyb/Eb))-fyb*(1+10*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fgetl(fin); 
            t=fyb*(1+50*(fyb/Eb)); 
            u=log(1+50*(fyb/Eb))-fyb*(1+50*(fyb/Eb))/Eb;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain  
            k=0; 
       % open path k=2 
       elseif k==2 
            t=fgetl(fin); 
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            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin);           
            t=Eu;  
            fprintf(fout,'%s, 0.3\n',t); % changes value of Young's Modulus 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin); 
            t=fyu*(1+(fyu/Eu)); 
            u=log(1+(fyu/Eu))-fyu*(1+(fyu/Eu))/Eu;            
            fprintf(fout,'%e, 0.\n',t); % true stress vs logarithmic plastic strain 
            t=fgetl(fin); 
            t=fyu*(1+1.1*(fyu/Eu)); 
            u=log(1+1.1*(fyu/Eu))-fyu*(1+1.1*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fgetl(fin); 
            t=fyu*(1+1.25*(fyu/Eu)); 
            u=log(1+1.25*(fyu/Eu))-fyu*(1+1.25*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fgetl(fin); 
            t=fyu*(1+1.5*(fyu/Eu)); 
            u=log(1+1.5*(fyu/Eu))-fyu*(1+1.5*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain  
            t=fgetl(fin); 
            t=fyu*(1+2*(fyu/Eu)); 
            u=log(1+2*(fyu/Eu))-fyu*(1+2*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain                
            t=fgetl(fin); 
            t=fyu*(1+3*(fyu/Eu)); 
            u=log(1+3*(fyu/Eu))-fyu*(1+3*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fgetl(fin); 
            t=fyu*(1+4*(fyu/Eu)); 
            u=log(1+4*(fyu/Eu))-fyu*(1+4*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fgetl(fin); 
            t=fyu*(1+5*(fyu/Eu)); 
            u=log(1+5*(fyu/Eu))-fyu*(1+5*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fgetl(fin); 
            t=fyu*(1+10*(fyu/Eu)); 
            u=log(1+10*(fyu/Eu))-fyu*(1+10*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain 
            t=fgetl(fin); 
            t=fyu*(1+50*(fyu/Eu)); 
            u=log(1+50*(fyu/Eu))-fyu*(1+50*(fyu/Eu))/Eu;            
            fprintf(fout,'%e, %e\n',t,u); % true stress vs logarithmic plastic strain  
            k=0; 
       % open path k=3 
       elseif k==3 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file             
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file                      
            t=fgetl(fin); 
            t=-M2_A;   
            fprintf(fout,' %e, ',t); 
            t=-teta2_A; 
            fprintf(fout,'%e, \n',t); 
            t=fgetl(fin); 
            t=-M1_A;   
            fprintf(fout,' %e, ',t); 
            t=-teta1_A;  
            fprintf(fout,'%e, \n',t); 
            t=fgetl(fin); 
            t='0';   
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            fprintf(fout,' %s, ',t); 
            t='0';   
            fprintf(fout,'%s, \n',t); 
            t=fgetl(fin); 
            t=M1_A;   
            fprintf(fout,' %e, ',t); 
            t=teta1_A;  
            fprintf(fout,'%e, \n',t); 
            t=fgetl(fin); 
            t=M2_A;  
            fprintf(fout,' %e, ',t); 
            t=teta2_A; 
            fprintf(fout,'%e, \n',t); 
            k=0; %changes the matrix of the joint moment-rotation  
            %abaqus can read without the right number os spaces (symmetry) 
       % open path k=4 
       elseif k==4 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file 
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file             
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file                      
            t=fgetl(fin); 
            t=-M2_E;   
            fprintf(fout,' %e, ',t); 
            t=-teta2_E; 
            fprintf(fout,'%e, \n',t); 
            t=fgetl(fin); 
            t=-M1_E;   
            fprintf(fout,' %e, ',t); 
            t=-teta1_E;  
            fprintf(fout,'%e, \n',t); 
            t=fgetl(fin); 
            t='0';   
            fprintf(fout,' %s, ',t); 
            t='0';   
            fprintf(fout,'%s, \n',t); 
            t=fgetl(fin); 
            t=M1_E;   
            fprintf(fout,' %e, ',t); 
            t=teta1_E;  
            fprintf(fout,'%e, \n',t); 
            t=fgetl(fin); 
            t=M2_E;  
            fprintf(fout,' %e, ',t); 
            t=teta2_E; 
            fprintf(fout,'%e, \n',t); 
            k=0; %changes the matrix of the joint moment-rotation  
       % open path k=5 
       elseif k==5          
            t=fgetl(fin); 
            fprintf(fout,'%s\n',t); % writes content of line in new file                      
            t=fgetl(fin); 
            t=-M2_B;   
            fprintf(fout,' %e, ',t); 
            t=-teta2_B; 
            fprintf(fout,'%e, \n',t); 
            t=fgetl(fin); 
            t=-M1_B;   
            fprintf(fout,' %e, ',t); 
            t=-teta1_B;  
            fprintf(fout,'%e, \n',t); 
            t=fgetl(fin); 
            t='0';   
            fprintf(fout,' %s, ',t); 
            t='0';   
            fprintf(fout,'%s, \n',t); 
            t=fgetl(fin); 
            t=M1_B;   
            fprintf(fout,' %e, ',t); 
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            t=teta1_B;  
            fprintf(fout,'%e, \n',t); 
            t=fgetl(fin); 
            t=M2_B;  
            fprintf(fout,' %e, ',t); 
            t=teta2_B; 
            fprintf(fout,'%e, \n',t); 
            k=0; %changes the matrix of the joint moment-rotation                    
       % open path k=6    
       elseif k==6 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           t=fgetl(fin); 
           t=hb;  
           fprintf(fout,'%s, 5\n',t); 
           k=0;  
       % open path k=7    
       elseif k==7 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           t=fgetl(fin); 
           t=hb+5;  
           fprintf(fout,'%s, 5\n',t); 
           k=0;  
           % open path k=8    
       elseif k==8 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           t=fgetl(fin); 
           t=hu;  
           fprintf(fout,'%s, 5\n',t); 
           k=0;               
           % open path k=9    
       elseif k==9 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           t=fgetl(fin); 
           t=hu+5;  
           fprintf(fout,'%s, 5\n',t); 
           k=0;   
           % open path k=10 
       elseif k==10 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           a=str2num(t); 
           t=fgetl(fin); 
           d=AxisAngle2(outofplumb1); 
           fprintf(fout,'       %.12e, %.12e, %.12e, %.12e, %.12e, %.12e, 
%.12e\n',a(1),a(2),a(3),a(1)+d(2),a(2)+d(3),a(3)+d(4),d(1)); 
           t=fgetl(fin); 
           t=sprintf('PFrame8-Column1N_%d.inp',i); 
           fprintf(fout,'*Node, Input=%s\n',t); 
           k=0; 
           % open path k=11 
       elseif k==11 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           a=str2num(t); 
           t=fgetl(fin); 
           d=AxisAngle2(outofplumb2); 
           fprintf(fout,'       %.12e, %.12e, %.12e, %.12e, %.12e, %.12e, 
%.12e\n',a(1),a(2),a(3),a(1)+d(2),a(2)+d(3),a(3)+d(4),d(1)); 
           t=fgetl(fin); 
           t=sprintf('PFrame8-Column2N_%d.inp',i); 
           fprintf(fout,'*Node, Input=%s\n',t); 
           k=0;                           
       % open path k=12 
       elseif k==12 
           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb1+outofplumb2)/2; 
           fprintf(fout,'        %.12e, %.12e, %.12e\n',t(1),t(2),t(3)); 
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           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb1+outofplumb2)/2; 
           t(4)= t(4) - t(2)*(outofplumb1+outofplumb2)/2; 
           fprintf(fout,'        %.12e, %.12e, %.12e, %.12e, %.12e, %.12e, 
%.12e\n',t(1),t(2),t(3),t(4),t(5),t(6),t(7)); 
           t=fgetl(fin); 
           t=sprintf('PFrame8-Beam1N_%d.inp',i); 
           fprintf(fout,'*Node, Input=%s\n',t); 
           k=0; 
       % open path k=13 
       elseif k==13 
           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb1+outofplumb2)/2; 
           fprintf(fout,'        %.12e, %.12e, %.12e\n',t(1),t(2),t(3)); 
           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb1+outofplumb2)/2; 
           t(4)= t(4) - t(2)*(outofplumb1+outofplumb2)/2; 
           fprintf(fout,'        %.12e, %.12e, %.12e, %.12e, %.12e, %.12e, 
%.12e\n',t(1),t(2),t(3),t(4),t(5),t(6),t(7)); 
           t=fgetl(fin); 
           t=sprintf('PFrame8-Beam2N_%d.inp',i); 
           fprintf(fout,'*Node, Input=%s\n',t); 
           k=0; 
       % open path k=14 
       elseif k==14 
           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb1+outofplumb2)/2; 
           fprintf(fout,'        %.12e, %.12e, %.12e\n',t(1),t(2),t(3)); 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           k=0; 
       % open path k=15 
       elseif k==15 
           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb1+outofplumb2)/2; 
           fprintf(fout,'        %.12e, %.12e, %.12e\n',t(1),t(2),t(3)); 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           k=0; 
       % open path k=16 
       elseif k==16 
           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb1+outofplumb2)/2; 
           fprintf(fout,'        %.12e, %.12e, %.12e\n',t(1),t(2),t(3)); 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           k=0; 
       % open path k=17 
       elseif k==17 
           t=str2num(fgetl(fin)); 
           t(1)= t(1) - t(2)*(outofplumb1+outofplumb2)/2; 
           fprintf(fout,'        %.12e, %.12e, %.12e\n',t(1),t(2),t(3)); 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           k=0;    
       % open path k=18               
       elseif k==18 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); % writes content of line in new file        
           t=fgetl(fin); 
           t=LL; 
           fprintf(fout,'BeamTop, TRVEC, %e, 0., 1., 0.\n',t); 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); % writes content of line in new file  
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); % writes content of line in new file 
           t=fgetl(fin); 
           t=LL; 
           fprintf(fout,'BeamTop2, TRVEC, %e, 0., 1., 0.\n',t); 
           k=0; 
       % open path k=19 
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       elseif k==19 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); % writes content of line in new file                    
           t=str2num(fgetl(fin)); %RP1 
           t(2)= t(2) - t(3)*(outofplumb1+outofplumb2)/2; 
           fprintf(fout,'        %g, %.12e, %.12e, %.12e\n',t(1),t(2),t(3),t(4)); 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t); 
           t=str2num(fgetl(fin)); %RP2 
           t(2)= t(2) - t(3)*(outofplumb1+outofplumb2)/2; 
           fprintf(fout,'        %g, %.12e, %.12e, %.12e\n',t(1),t(2),t(3),t(4)); 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t);            
           t=str2num(fgetl(fin)); %RP3 
           t(2)= t(2) - t(3)*(outofplumb1+outofplumb2)/2; 
           fprintf(fout,'        %g, %.12e, %.12e, %.12e\n',t(1),t(2),t(3),t(4)); 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t);   
           t=str2num(fgetl(fin)); %RP4 
           t(2)= t(2) - t(3)*(outofplumb1+outofplumb2)/2; 
           fprintf(fout,'        %g, %.12e, %.12e, %.12e\n',t(1),t(2),t(3),t(4)); 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t)            
           t=str2num(fgetl(fin)); %RP5 
           t(2)= t(2) - t(3)*(outofplumb1+outofplumb2)/2; 
           fprintf(fout,'        %g, %.12e, %.12e, %.12e\n',t(1),t(2),t(3),t(4)); 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t)            
           t=str2num(fgetl(fin)); %RP6 
           t(2)= t(2) - t(3)*(outofplumb1+outofplumb2)/2; 
           fprintf(fout,'        %g, %.12e, %.12e, %.12e\n',t(1),t(2),t(3),t(4)); 
           t=fgetl(fin); 
           fprintf(fout,'%s\n',t)                  
           k=0;             
       end 
     end 
     % End of modifications 
     % Closing the files 
     fclose(fin); 
     % fclose(fin2); 
     fclose(fout); 
end     
    % Exit 
 
C.3 Abaqus mesh generator for rack frames – Matlab script 
 
% F. Sena Cardoso 
% This program uses the member perfect geometry to impose member and 
% sectional imperfections 
% For frame 4 
% Latin Hypercube Sampling 
clc, clearvars 
% Create a n number of files 
Nsim=200; % Number of simulations 
Nupr=6; % Number of uprights 
% Defining the random variables 
% 
% --> Member and sectional imperfections parameters <-- 
BowFb_v=signnormgen(Nsim,1/2250,1/3500);  
CamberFb_v=signnormgen(Nsim,1/2500,1/3300); 
TwistFb_v=signnormgen(Nsim,0.25*0.001,0.2*0.001)*pi/180; %returns rads  
LocalFb_v=signnormgen(Nsim,0.375,0.34);  
DistFb_v=signnormgen(Nsim,0.81,0.62);  
for j1=1:Nupr 
BowFu_v(j1,:)=signnormgen(Nsim,1/2250,1/3500);  
CamberFu_v(j1,:)=signnormgen(Nsim,1/2500,1/3300);    
TwistFu_v(j1,:)=signnormgen(Nsim,0.25*0.001,0.2*0.001)*pi/180; %returns rads    
DistFu_v(j1,:)=signnormgen(Nsim,0.81,0.62);  
end 
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for i=1:Nsim 
    % Defining the random variables 
    % 
    % --> Member and sectional imperfections parameters <-- 
    % 
    % Only the beam values are computed in i loop since these elements are perfectly correlated for each 
simulation 
    BowFb=BowFb_v(i); 
    CamberFb=CamberFb_v(i); 
    TwistFb=TwistFb_v(i); %returns rads 
    LocalFb=LocalFb_v(i); 
    DistFb=DistFb_v(i); 
        for j1=1:Nupr     
        % --> Member and sectional imperfections parameters of the uprights <-- 
        % 
        % These values are computed within the j loop in order to be independent between elements      
        % 
        BowFu=BowFu_v(j1,i); 
        CamberFu=CamberFu_v(j1,i); 
        TwistFu=TwistFu_v(j1,i); %returns rads 
        DistFu=DistFu_v(j1,i); 
        % open the reading and writing files of uprights 
        filename1=sprintf('Frame4_Upright%dNodes.inp',j1); 
        fin=fopen(filename1,'r'); % open the reading file 
        filename2=sprintf('Frame4_Upright%dN_%d.inp',j1,i); 
        fout=fopen(filename2,'w'); % open the writing file 
        k=0; 
        while ~feof(fin) % while doesn't get to the end of the file 
            t=str2num(fgetl(fin)); % store line values in vector t 
            % t contains node perfect coordinates {ID X Y Z} 
            L0=300; % Identify the first span 
            L= 1950; % Identify the typical span 
            Le=150; % Identify the end span 
            Lbr= 1150; % Identify the distance between point bracings 
            % Section dimensions of the members for sectional imperfection purposes 
            hu= 80.9; % Upright height 
            bu= 108.1; % Upright width 
            ru= 6.95; % Upright fillet radius 
            tu= 1.2; % Upright thickness 
            yu= 32; % "coordinate" y of centroid 
            Su=[0 -68]; % Coordinates of the shear centre 
            d=((t(3)-Su(2))^2+(t(2)-Su(1))^2)^(1/2); % Distance of point to shear centre 
            teta0=atan2(t(3)-Su(2),t(2)-Su(1)); % Initial angle of point in radians 
            % Global imperfection modes start here 
            if t(4)<=L0 
                Dbow=-BowFu*L0*sin(pi*t(4)/L0); 
                Dcamber=-CamberFu*L0*sin(pi*t(4)/L0); 
                Dtwist=[-d*(cos(teta0+TwistFu*L0*sin(pi*t(4)/L0))-cos(teta0)) -
d*(sin(teta0+TwistFu*L0*sin(pi*t(4)/L0))-sin(teta0))]; % Twistf in radians 
            elseif t(4)<=L0+5*L-Lbr/2 
                Dbow=BowFu*Lbr*sin(pi*(t(4)-L0)/Lbr); 
                Dcamber=CamberFu*L*sin(pi*(t(4)-L0)/L); 
                Dtwist=[d*(cos(teta0+TwistFu*L*sin(pi*(t(4)-L0)/L))-cos(teta0)) 
d*(sin(teta0+TwistFu*L*sin(pi*(t(4)-L0)/L))-sin(teta0))]; % Twistf in radians 
            elseif t(4)<=L0+5*L 
                Dbow=BowFu*(Lbr/2)*sin(pi*(t(4)-L0)/(Lbr/2)); 
                Dcamber=CamberFu*L*sin(pi*(t(4)-L0)/L); 
                Dtwist=[d*(cos(teta0+TwistFu*L*sin(pi*(t(4)-L0)/L))-cos(teta0)) 
d*(sin(teta0+TwistFu*L*sin(pi*(t(4)-L0)/L))-sin(teta0))]; % Twistf in radians         
            else 
                Dbow=-BowFu*2*Le*(t(4)-(L0+5*L))/Le; 
                Dcamber=CamberFu*2*Le*(t(4)-(L0+5*L))/Le; 
                Dtwist=[-d*(cos(teta0+TwistFu*2*Le*(t(4)-(L0+5*L))/Le)-cos(teta0)) -
d*(sin(teta0+TwistFu*2*Le*(t(4)-(L0+5*L))/Le)-sin(teta0))]; % Twistf in radians & Sign due to half-
wavelengths orientation 
            end 
            % Global imperfection modes end here 
            % Sectional imperfection modes start here 
                % Distortional part 
                % Half-wavelength equal to distance between bracing points 
            if t(4)<=L0 
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                Dteta=-DistFu*tu/(hu-ru)*(L0/Lbr)*sin(pi*(t(4))/L0); 
            elseif t(4)<=L0+5*L-Lbr/2 
                Dteta=DistFu*tu/(hu-ru)*sin(pi*(t(4)-L0)/Lbr); 
            elseif t(4)<=L0+5*L 
                Dteta=DistFu*tu/(hu-ru)*(1/2)*sin(pi*(t(4)-(L0+2*L-Lbr/2))/(Lbr/2));                     
            else 
                Dteta=0; % Unimportant imperfection since there is no load 
            end             
            if (t(2)<-25 && t(3)>-yu+ru)  % Left flange % Check limits 
                Ddist(1)= -(t(3)-(-yu+ru))* Dteta;  % coordinate x increment 
                Ddist(2)= 0;                                        
            elseif (t(2)>25 && t(3)>-yu+ru)  % Right flange % Check limits 
                Ddist(1)= -(t(3)-(-yu+ru))* (-Dteta);% coordinate x increment 
                Ddist(2)= 0;                   
            elseif (t(2)>-bu/2+ru && t(2)<bu/2-ru && t(3)<0) % Web 
                Ddist(2)= -Dteta*(t(2))^2/(2*(bu/2-ru))+(Dteta/2)*(bu/2-ru); % coordinate y increment 
                Ddist(1)= 0;                     
            end 
            % Local part - No local imperfection           
            % Sectional imperfection modes end here 
            t(2)=t(2) + Dcamber + Dtwist(1)+ Ddist(1); % + Dlocal1(t) % New coordinate X 
            t(3)=t(3) + Dbow + Dtwist(2)+ Ddist(2); % + Dlocal1(t) % New coordinate Y 
           fprintf(fout,'      %g, %12f, %12f, %12f\n',t(1),t(2),t(3),t(4));           
        end 
        fclose(fin); %closes the file 
        fclose(fout); %closes the file 
    end 
          % open the reading and writing files of beams 
           % filename1=sprintf('Frame2_BeamL&dB%d',j1,j2); 
           filename1='Frame4_BeamNodes.inp'; 
           fin=fopen(filename1,'r'); % open the reading file 
           % filename2=sprintf('Frame2_BeamL&dB%d_%d.inp',j1,j2,i); 
           filename2=sprintf('Frame4_BeamN_%d.inp',i); 
           fout=fopen(filename2,'w'); % open the writing file 
           k=0; 
           while ~feof(fin) % while doesn't get to the end of the file 
                t=str2num(fgetl(fin)); % store line values in vector t 
                % t contains node perfect coordinates {ID X Y Z} 
                L= 2380; % Identify the typical span 
                % Section dimensions of the members for sectional imperfection purposes 
                hb= 108.4; % Beam height 
                bb= 49.2; % Beam width 
                rb= 4; % Beam fillet radius 
                tb= 1.6; % Beam thickness    
                Sb=[0 0]; % Coordinates of the shear centre = Coordinates of centroid 
                d=((t(3)-Sb(2))^2+(t(2)-Sb(1))^2)^(1/2); % Distance of point to shear centre 
                teta0=atan2(t(3)-Sb(2),t(2)-Sb(1)); % Initial angle of point in radians 
                 
                % Global imperfection modes start here         
                Dbow=BowFb*L*sin(pi*t(4)/L); 
                Dcamber=CamberFb*L*sin(pi*t(4)/L); 
                Dtwist=[d*(cos(teta0+TwistFb*L*sin(pi*t(4)/L))-cos(teta0)) 
d*(sin(teta0+TwistFb*L*sin(pi*t(4)/L))-sin(teta0))]; % Twistf in radians 
                % Global imperfection modes end here              
                % Sectional imperfection modes start here 
                % Half-wavelength equal to the span 
                if (t(3)>50.2 && ((t(2)> -(bb/2)+rb && t(2)<-0.8) || (t(2)> 0.8 && t(2)<(bb/2)-rb))) % Top flange 
                    Ddist(2)=DistFb*sin(pi*t(4)/140)*tb*cos(pi*t(2)/(bb-2*rb)); 
                    Ddist(1)=0;                     
                    Dlocal(2)=(LocalFb*((bb/2)/hb))*sin(pi*t(4)/30)*tb*sin(pi*t(2)/(bb/2-rb)); % Local 
displacement is divided by a factor equal to bflange/bweb 
                    Dlocal(1)=0; 
                elseif (t(2)>=-0.8 && t(2)<=0.8 && t(3)>=30 && t(3)<=50.2) % Top lips 
                    Ddist(2)=DistFb*sin(pi*t(4)/140)*tb*cos(pi*t(2)/(bb-2*rb)); 
                    Ddist(1)=0; 
                    Dlocal(1)=(LocalFb*((bb/2)/hb))*sin(pi*t(4)/30)*tb*((hb/2-rb)-t(3))/((hb/2-rb)-40); 
                    Dlocal(2)=(LocalFb*((bb/2)/hb))*sin(pi*t(4)/30)*tb*sin(pi*t(2)/(bb/2-rb)); 
                else  
                    Ddist(1)=0; 
                    Ddist(2)=0; 
                    Dlocal(1)=0; 
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                    Dlocal(2)=0; 
                end 
                % Sectional imperfection modes end here 
                t(2)=t(2) + Dcamber + Dtwist(1)+ Ddist(1) + Dlocal(1); % New coordinate X 
                t(3)=t(3) + Dbow + Dtwist(2) + Ddist(2) + Dlocal(2); % New coordinate Y       
                fprintf(fout,'   %g, %12f, %12f, %12f\n',t(1),t(2),t(3),t(4));           
           end 
           fclose(fin); %closes the file 
           fclose(fout); %closes the file  
        % end 
    % end 
end 
 
C.4 Abaqus mesh generator for CF portal frames – Matlab script 
 
% F. Sena Cardoso 
% This program uses the member perfect geometry to impose member and 
% sectional imperfections 
% For PFrame 8 
% Latin Hypercube Sampling 
clc, clearvars 
% Create a n number of files 
Nsim=200; % Number of simulations 
Ncol=2; % Number of columns 
Nbeam=2; % Number of beams 
% Defining the random variables 
% 
% --> Member and sectional imperfections parameters <-- 
for j1=1:Ncol 
    BowFc_v(j1,:)=signnormgen(Nsim,1/2250,1/3500);  
    CamberFc_v(j1,:)=signnormgen(Nsim,1/2500,1/3300);  
    TwistFc_v(j1,:)=signnormgen(Nsim,0.25*0.001,0.2*0.001)*pi/180; %returns rads                                                                                            
DistFc_v(j1,:)=signnormgen(Nsim,0.81,0.62); % rndsign()*rndnorm(0.81,0.62,1,1); 
    LocalFc_v(j1,:)=signnormgen(Nsim,0.375,0.34); % rndsign()*rndnorm(0.81,0.62,1,1); 
end 
for j2=1:Nbeam 
    BowFb_v(j2,:)=signnormgen(Nsim,1/2250,1/3500); % rndsign()*rndnorm(1/2250,1/3500,1,1); 
    CamberFb_v(j2,:)=signnormgen(Nsim,1/2500,1/3300); % rndsign()*rndnorm(1/2500,1/3300,1,1); 
    TwistFb_v(j2,:)=signnormgen(Nsim,0.25*0.001,0.3*0.001)*pi/180; %returns rads  
    DistFb_v(j2,:)=signnormgen(Nsim,0.81,0.62); % rndsign()*rndnorm(0.81,0.62,1,1); 
    LocalFb_v(j2,:)=signnormgen(Nsim,0.375,0.34); % rndsign()*rndnorm(0.81,0.62,1,1); 
end 
for i=1:Nsim 
    % Defining the random variables 
    % 
    % --> Member and sectional imperfections parameters <-- 
    % 
    % Only the beam values are computed in i loop since these elements are perfectly correlated for each 
simulation 
     for j1=1:Ncol     
        % --> Member and sectional imperfections parameters of the columns <-- 
        % 
        % These values are computed within the j loop in order to be independent between elements      
        % 
        BowFc=BowFc_v(j1,i); 
        CamberFc=CamberFc_v(j1,i); 
        TwistFc=TwistFc_v(j1,i); %returns rads 
        DistFc=DistFc_v(j1,i); 
        LocalFc=LocalFc_v(j1,i); 
        % open the reading and writing files of uprights 
        filename1=sprintf('PFrame8-Column%dN.inp',j1); 
        fin=fopen(filename1,'r'); % open the reading file 
        filename2=sprintf('PFrame8-Column%dN_%d.inp',j1,i); 
        fout=fopen(filename2,'w'); % open the writing file 
        k=0; 
        while ~feof(fin) % while doesn't get to the end of the file 
            t=str2num(fgetl(fin)); % store line values in vector t 
            % t contains node perfect coordinates {ID X Y Z} 
            L=4600; % Height of the column 
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            Le=1550; % Identify the end spans between bracing points 
            Lm= 1500; % Identify the middle spans between bracing points 
            Ll= 230; % Identify the local buckling half-wavelength 
            % Section dimensions of the members for sectional imperfection purposes 
            hc= 158; % Column height 
            bc= 252; % Column width 
            rc= 3; % Column fillet radius 
            tc= 1.2; % Column thickness 
            yc= 0; % "coordinate" y of centroid 
            gapc=10; % gap between channels 
            Sc=[0 0]; % Coordinates of the shear centre 
            d=((t(3)-Sc(2))^2+(t(2)-Sc(1))^2)^(1/2); % Distance of point to shear centre 
            teta0=atan2(t(3)-Sc(2),t(2)-Sc(1)); % Initial angle of point in radians 
             
            % Global imperfection modes start here 
            if t(4)<=Le 
                Dbow=BowFc*Le*sin(pi*t(4)/Le); 
                Dcamber=CamberFc*L*sin(pi*t(4)/L); 
                Dtwist=[d*(cos(teta0+TwistFc*Le*sin(pi*t(4)/Le))-cos(teta0)) 
d*(sin(teta0+TwistFc*Le*sin(pi*t(4)/Le))-sin(teta0))]; % Twistf in radians 
            elseif t(4)<=Le+Lm 
                Dbow=-BowFc*Lm*sin(pi*(t(4)-Le)/Lm); 
                Dcamber=CamberFc*L*sin(pi*t(4)/L); 
                Dtwist=[d*(cos(teta0-TwistFc*Lm*sin(pi*(t(4)-Le)/Lm))-cos(teta0)) d*(sin(teta0-
TwistFc*Lm*sin(pi*(t(4)-Le)/Lm))-sin(teta0))]; % Twistf in radians                     
            elseif t(4)<=2*Le+Lm 
                Dbow=BowFc*Le*sin(pi*(t(4)-(Le+Lm))/Le); 
                Dcamber=CamberFc*L*sin(pi*t(4)/L); 
                Dtwist=[d*(cos(teta0+TwistFc*Le*sin(pi*(t(4)-(Le+Lm))/Le))-cos(teta0)) 
d*(sin(teta0+TwistFc*Le*sin(pi*(t(4)-(Le+Lm))/Le))-sin(teta0))]; % Twistf in radians    
            else 
                Dbow=0; 
                Dcamber=0; 
                Dtwist=[0 0]; % Twistf in radians & Sign due to half-wacelengths orientation 
            end 
            % Global imperfection modes end here 
            % Sectional imperfection modes start here 
                % Distortional part and local part 
                % Half-wavelength equal to half distance between bracing points                         
            if t(4)<=Le 
                Dteta=DistFc*tc/(hc/2-gapc/2)*sin(pi*(t(4))/(Le/2)); 
            elseif t(4)<=Le+Lm 
                Dteta=DistFc*tc/(hc/2-gapc/2)*(Lm/Le)*sin(pi*(t(4)-Le)/(Lm/2));               
            elseif t(4)<=2*Le+Lm 
                Dteta=DistFc*tc/(hc/2-gapc/2)*sin(pi*(t(4)-(Lm+Le))/(Le/2));                    
            else 
                Dteta=0; % Unimportant imperfection since there is no load 
            end 
            if (t(2)<-10 && t(3)> gapc/2+rc)  % Left flange + Left Lip + Top % Check limits 
                Ddist(1)= -(t(3)-(gapc/2+rc))* Dteta;  % coordinate x increment 
                Ddist(2)= 0;             
            elseif (t(2)<-10 && t(3)<-gapc/2-rc)  % Left flange + Left Lip + Bottom % Check limits 
                Ddist(1)= -(t(3)+(gapc/2+rc))* Dteta;  % coordinate x increment 
                Ddist(2)= 0;              
            elseif (t(2)> 10 && t(3)> gapc/2+rc)  % Right flange + Right Lip + Top % Check limits 
                Ddist(1)= (t(3)-(gapc/2+rc))* Dteta; % coordinate x increment             
                Ddist(2)= 0;  
             elseif (t(2)> 10 && t(3)<-gapc/2-rc)  % Right flange + Right Lip + Bottom % Check limits 
                Ddist(1)= (t(3)+(gapc/2+rc))* Dteta; % coordinate x increment             
                Ddist(2)= 0;                               
            elseif (t(3)< gapc/2+rc && t(3)> -gapc/2-rc) % Web 
                Ddist(2)= Dteta*(t(2))^2/(2*(-bc/2+rc))-(Dteta/2)*(-bc/2+rc); % coordinate y increment 
                Ddist(1)= 0;             
            else 
                Ddist(1)= 0; 
                Ddist(2)= 0; 
            end 
            if (t(2)<-bc/2+rc && t(3)> gapc/2+rc)  % Left flange + Top % Check limits 
                Dlocal(1)=-LocalFc*tc*sin(pi*t(4)/Ll)*((hc/2-gapc/2-rc)/bc)+LocalFc*tc*sin(pi*t(4)/Ll)*((hc/2-
gapc/2-rc)/bc)*(t(3)-hc/4-gapc/4-rc/2)^2/(-hc/4+gapc/4+rc/2)^2; 
                Dlocal(2)= 0;                                       
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            elseif (t(2)<-bc/2+rc && t(3)<-gapc/2-rc)  % Left flange + Bottom % Check limits            
                Dlocal(1)=LocalFc*tc*sin(pi*t(4)/Ll)*((hc/2-gapc/2-rc)/bc)-LocalFc*tc*sin(pi*t(4)/Ll)*((hc/2-
gapc/2-rc)/bc)*(t(3)+hc/4+gapc/4+rc/2)^2/(-hc/4+gapc/4+rc/2)^2; 
                Dlocal(2)= 0;              
            elseif (t(2)> bc/2-rc && t(3)> gapc/2+rc)  % Right flange+ Top % Check limits 
                Dlocal(1)=LocalFc*tc*sin(pi*t(4)/Ll)*((hc/2-gapc/2-rc)/bc)-LocalFc*tc*sin(pi*t(4)/Ll)*((hc/2-
gapc/2-rc)/bc)*(t(3)-hc/4-gapc/4-rc/2)^2/(-hc/4+gapc/4+rc/2)^2; 
                Dlocal(2)= 0;                    
            elseif (t(2)> bc/2-rc && t(3)<-gapc/2-rc)  % Right flange+ Bottom % Check limits 
                Dlocal(1)=-LocalFc*tc*sin(pi*t(4)/Ll)*((hc/2-gapc/2-rc)/bc)+LocalFc*tc*sin(pi*t(4)/Ll)*((hc/2-
gapc/2-rc)/bc)*(t(3)+hc/4+gapc/4+rc/2)^2/(-hc/4+gapc/4+rc/2)^2; 
                Dlocal(2)= 0;                    
            elseif (t(3)< gapc/2+rc && t(3)> -gapc/2-rc) % Web  
                Dlocal(1)= 0; 
                Dlocal(2)= LocalFc*tc*sin(pi*t(4)/Ll)-LocalFc*tc*sin(pi*t(4)/Ll)*t(2)^2/(bc/2-rc)^2;                       
            elseif (t(2)>-bc/2+rc && t(2)<0 && t(3)> hc/2-rc) % Left lip + Top 
                Dlocal(1)= 0; 
                Dlocal(2)= -2*LocalFc*tc*sin(pi*t(4)/Ll)*((hc/2-gapc/2-rc)/bc)*(hc/4-3*gapc/4-3*rc/2)/(-
hc/4+gapc/4+rc/2)^2*(t(2)+(bc/2-rc)); 
            elseif (t(2)>-bc/2+rc && t(2)<0 && t(3)< -hc/2+rc) % Left lip + Bottom 
                Dlocal(1)= 0; 
                Dlocal(2)= -2*LocalFc*tc*sin(pi*t(4)/Ll)*((hc/2-gapc/2-rc)/bc)*(hc/4-3*gapc/4-3*rc/2)/(-
hc/4+gapc/4+rc/2)^2*(t(2)+(bc/2-rc));                 
            elseif (t(2)<bc/2-rc && t(2)>0 && t(3)> hc/2-rc) % Right lip + Top 
                Dlocal(1)= 0; 
                Dlocal(2)= 2*LocalFc*tc*sin(pi*t(4)/Ll)*((hc/2-gapc/2-rc)/bc)*(hc/4-3*gapc/4-3*rc/2)/(-
hc/4+gapc/4+rc/2)^2*(t(2)-(bc/2-rc)); 
            elseif (t(2)<bc/2-rc && t(2)>0 && t(3)< -hc/2+rc) % Right lip + Bottom 
                Dlocal(1)= 0; 
                Dlocal(2)= 2*LocalFc*tc*sin(pi*t(4)/Ll)*((hc/2-gapc/2-rc)/bc)*(hc/4-3*gapc/4-3*rc/2)/(-
hc/4+gapc/4+rc/2)^2*(t(2)-(bc/2-rc));                    
            else               
                Dlocal(1)= 0; 
                Dlocal(2)= 0;                              
            end         
          % Sectional imperfection modes end here 
            t(2)=t(2) + Dcamber + Dtwist(1) + Ddist(1) + Dlocal(1); % New coordinate X 
            t(3)=t(3) + Dbow + Dtwist(2)+ Ddist(2) + Dlocal(2); % New coordinate Y       
            fprintf(fout,'      %g, %12f, %12f, %12f\n',t(1),t(2),t(3),t(4));           
        end 
        fclose(fin); %closes the file 
        fclose(fout); %closes the file 
    end 
    for j2=1:Nbeam    
        % --> Member and sectional imperfections parameters of the columns <-- 
        % 
        % These values are computed within the j loop in order to be independent between elements      
        % 
        BowFb=BowFb_v(j2,i); 
        CamberFb=CamberFb_v(j2,i); 
        TwistFb=TwistFb_v(j2,i); %returns rads 
        DistFb=DistFb_v(j2,i); 
        LocalFb=LocalFb_v(j2,i); 
        % open the reading and writing files of uprights 
        filename1=sprintf('PFrame8-Beam%dN.inp',j2); 
        fin=fopen(filename1,'r'); % open the reading file 
        filename2=sprintf('PFrame8-Beam%dN_%d.inp',j2,i); 
        fout=fopen(filename2,'w'); % open the writing file 
        k=0; 
        while ~feof(fin) % while doesn't get to the end of the file 
            t=str2num(fgetl(fin)); % store line values in vector t 
            % t contains node perfect coordinates {ID X Y Z} 
            L=6800; % Span of the column 
            Le=600; % Identify the end spans between bracing points 
            Lm=700; % Identify the middle spans between bracing points 
            Ll=300; % Identify local buckling half-wavelength 
            % Section dimensions of the members for sectional imperfection purposes 
            hb= 222; % Column height 
            bb= 350; % Column width 
            rb= 3; % Column fillet radius 
            tb= 3.0; % Column thickness 
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            yb= 0; % "coordinate" y of centroid 
            gapb=10; % gap between channels 
            Sb=[0 0]; % Coordinates of the shear centre 
            d=((t(3)-Sb(2))^2+(t(2)-Sb(1))^2)^(1/2); % Distance of point to shear centre 
            teta0=atan2(t(3)-Sb(2),t(2)-Sb(1)); % Initial angle of point in radians 
            % Global imperfection modes start here 
            if t(4)<=Le 
                Dbow=BowFb*Le*sin(pi*t(4)/Le); 
                Dcamber=CamberFb*L*sin(pi*t(4)/L); 
                Dtwist=[d*(cos(teta0+TwistFb*Le*sin(pi*t(4)/Le))-cos(teta0)) 
d*(sin(teta0+TwistFb*Le*sin(pi*t(4)/Le))-sin(teta0))]; % Twistf in radians 
            elseif t(4)<=Le+Lm 
                Dbow=-BowFb*Lm*sin(pi*(t(4)-Le)/Lm); 
                Dcamber=CamberFb*L*sin(pi*t(4)/L); 
                Dtwist=[d*(cos(teta0-TwistFb*Lm*sin(pi*(t(4)-Le)/Lm))-cos(teta0)) d*(sin(teta0-
TwistFb*Lm*sin(pi*(t(4)-Le)/Lm))-sin(teta0))]; % Twistf in radians 
            elseif t(4)<=Le+2*Lm 
                Dbow=BowFb*Lm*sin(pi*(t(4)-Le-Lm)/Lm); 
                Dcamber=CamberFb*L*sin(pi*t(4)/L); 
                Dtwist=[d*(cos(teta0+TwistFb*Lm*sin(pi*(t(4)-Le-Lm)/Lm))-cos(teta0)) 
d*(sin(teta0+TwistFb*Lm*sin(pi*(t(4)-Le-Lm)/Lm))-sin(teta0))]; % Twistf in radians 
            elseif t(4)<=Le+3*Lm 
                Dbow=-BowFb*Lm*sin(pi*(t(4)-Le-2*Lm)/Lm); 
                Dcamber=CamberFb*L*sin(pi*t(4)/L); 
                Dtwist=[d*(cos(teta0-TwistFb*Lm*sin(pi*(t(4)-Le-2*Lm)/Lm))-cos(teta0)) d*(sin(teta0-
TwistFb*Lm*sin(pi*(t(4)-Le-2*Lm)/Lm))-sin(teta0))]; % Twistf in radians 
             elseif t(4)<=Le+4*Lm 
                Dbow=BowFb*Lm*sin(pi*(t(4)-Le-3*Lm)/Lm); 
                Dcamber=CamberFb*L*sin(pi*t(4)/L); 
                Dtwist=[d*(cos(teta0+TwistFb*Lm*sin(pi*(t(4)-Le-3*Lm)/Lm))-cos(teta0)) 
d*(sin(teta0+TwistFb*Lm*sin(pi*(t(4)-Le-3*Lm)/Lm))-sin(teta0))]; % Twistf in radians 
             elseif t(4)<=Le+5*Lm 
                Dbow=-BowFb*Lm*sin(pi*(t(4)-Le-4*Lm)/Lm); 
                Dcamber=CamberFb*L*sin(pi*t(4)/L); 
                Dtwist=[d*(cos(teta0-TwistFb*Lm*sin(pi*(t(4)-Le-4*Lm)/Lm))-cos(teta0)) d*(sin(teta0-
TwistFb*Lm*sin(pi*(t(4)-Le-4*Lm)/Lm))-sin(teta0))]; % Twistf in radians 
             elseif t(4)<=Le+6*Lm 
                Dbow=BowFb*Lm*sin(pi*(t(4)-Le-5*Lm)/Lm); 
                Dcamber=CamberFb*L*sin(pi*t(4)/L); 
                Dtwist=[d*(cos(teta0+TwistFb*Lm*sin(pi*(t(4)-Le-5*Lm)/Lm))-cos(teta0)) 
d*(sin(teta0+TwistFb*Lm*sin(pi*(t(4)-Le-5*Lm)/Lm))-sin(teta0))]; % Twistf in radians 
             elseif t(4)<=Le+7*Lm 
                Dbow=-BowFb*Lm*sin(pi*(t(4)-Le-6*Lm)/Lm); 
                Dcamber=CamberFb*L*sin(pi*t(4)/L); 
                Dtwist=[d*(cos(teta0-TwistFb*Lm*sin(pi*(t(4)-Le-6*Lm)/Lm))-cos(teta0)) d*(sin(teta0-
TwistFb*Lm*sin(pi*(t(4)-Le-6*Lm)/Lm))-sin(teta0))]; % Twistf in radians 
             elseif t(4)<=Le+8*Lm 
                Dbow=BowFb*Lm*sin(pi*(t(4)-Le-7*Lm)/Lm); 
                Dcamber=CamberFb*L*sin(pi*t(4)/L); 
                Dtwist=[d*(cos(teta0+TwistFb*Lm*sin(pi*(t(4)-Le-7*Lm)/Lm))-cos(teta0)) 
d*(sin(teta0+TwistFb*Lm*sin(pi*(t(4)-Le-7*Lm)/Lm))-sin(teta0))]; % Twistf in radians 
            elseif t(4)<=2*Le+8*Lm 
                Dbow=-BowFb*Le*sin(pi*(t(4)-(Le+8*Lm))/Le); 
                Dcamber=CamberFb*L*sin(pi*t(4)/L); 
                Dtwist=[d*(cos(teta0-TwistFb*Le*sin(pi*(t(4)-(Le+8*Lm))/Le))-cos(teta0)) d*(sin(teta0-
TwistFb*Le*sin(pi*(t(4)-(Le+8*Lm))/Le))-sin(teta0))]; % Twistf in radians              
            else 
                Dbow=0; 
                Dcamber=0 
                Dtwist=[0 0]; % Twistf in radians & Sign due to half-wacelengths orientation 
            end 
            % Global imperfection modes end here 
            % Sectional imperfection modes start here 
                % Distortional part and local part 
                % Half-wavelength equal to half distance between bracing points                         
            if t(4)<=Le 
                Dteta=DistFb*tb/(hb/2-gapb/2)*(Le/Lm)*sin(pi*(t(4))/(Le)); 
            elseif t(4)<=Le+Lm 
                Dteta=-DistFb*tb/(hb/2-gapb/2)*sin(pi*(t(4)-Le)/(Lm)); 
            elseif t(4)<=Le+2*Lm 
                Dteta=DistFb*tb/(hb/2-gapb/2)*sin(pi*(t(4)-Lm-Le)/(Lm)); 
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            elseif t(4)<=Le+3*Lm 
                Dteta=-DistFb*tb/(hb/2-gapb/2)*sin(pi*(t(4)-2*Lm-Le)/(Lm));                
            elseif t(4)<=Le+4*Lm 
                Dteta=DistFb*tb/(hb/2-gapb/2)*sin(pi*(t(4)-3*Lm-Le)/(Lm)); 
            elseif t(4)<=Le+5*Lm 
                Dteta=-DistFb*tb/(hb/2-gapb/2)*sin(pi*(t(4)-4*Lm-Le)/(Lm));                
            elseif t(4)<=Le+6*Lm 
                Dteta=DistFb*tb/(hb/2-gapb/2)*sin(pi*(t(4)-5*Lm-Le)/(Lm)); 
            elseif t(4)<=Le+7*Lm 
                Dteta=-DistFb*tb/(hb/2-gapb/2)*sin(pi*(t(4)-6*Lm-Le)/(Lm)); 
            elseif t(4)<=Le+8*Lm 
                Dteta=DistFb*tb/(hb/2-gapb/2)*sin(pi*(t(4)-7*Lm-Le)/(Lm));                              
            elseif t(4)<=2*Le+8*Lm 
                Dteta=-DistFb*tb/(hb/2-gapb/2)*(Le/Lm)*sin(pi*(t(4)-8*Lm-Le)/(Le));                    
            else 
                Dteta=0; % Unimportant imperfection since there is no load 
            end         
           if (t(2)<-10 && t(3)> gapb/2+rb)  % Left flange + Left Lip + Top % Check limits 
                Ddist(1)= -(t(3)-(gapb/2+rb))* Dteta;  % coordinate x increment 
                Ddist(2)= 0;             
            elseif (t(2)<-10 && t(3)<-gapb/2-rb)  % Left flange + Left Lip + Bottom % Check limits 
                Ddist(1)= -(t(3)+(gapb/2+rb))* Dteta;  % coordinate x increment 
                Ddist(2)= 0;              
            elseif (t(2)> 10 && t(3)> gapb/2+rb)  % Right flange + Right Lip + Top % Check limits 
                Ddist(1)= (t(3)-(gapb/2+rb))* Dteta; % coordinate x increment             
                Ddist(2)= 0;  
             elseif (t(2)> 10 && t(3)<-gapb/2-rb)  % Right flange + Right Lip + Bottom % Check limits 
                Ddist(1)= (t(3)+(gapb/2+rb))* Dteta; % coordinate x increment             
                Ddist(2)= 0;                               
            elseif (t(3)< gapb/2+rb && t(3)> -gapb/2-rb) % Web 
                Ddist(2)= Dteta*(t(2))^2/(2*(-bb/2+rb))-(Dteta/2)*(-bb/2+rb); % coordinate y increment 
                Ddist(1)= 0;             
            else 
                Ddist(1)= 0; 
                Ddist(2)= 0; 
            end 
            if (t(2)<-bb/2+rb && t(3)> gapb/2+rb)  % Left flange + Top % Check limits 
                Dlocal(1)=-LocalFb*tb*sin(pi*t(4)/Ll)*((hb/2-gapb/2-rb)/bb)+LocalFb*tb*sin(pi*t(4)/Ll)*((hb/2-
gapb/2-rb)/bb)*(t(3)-hb/4-gapb/4-rb/2)^2/(-hb/4+gapb/4+rb/2)^2; 
                Dlocal(2)= 0;                                       
            elseif (t(2)<-bb/2+rb && t(3)<-gapb/2-rb)  % Left flange + Bottom % Check limits            
                Dlocal(1)=LocalFb*tb*sin(pi*t(4)/Ll)*((hb/2-gapb/2-rb)/bb)-LocalFb*tb*sin(pi*t(4)/Ll)*((hb/2-
gapb/2-rb)/bb)*(t(3)+hb/4+gapb/4+rb/2)^2/(-hb/4+gapb/4+rb/2)^2; 
                Dlocal(2)= 0;              
            elseif (t(2)> bb/2-rb && t(3)> gapb/2+rb)  % Right flange+ Top % Check limits 
                Dlocal(1)=LocalFb*tb*sin(pi*t(4)/Ll)*((hb/2-gapb/2-rb)/bb)-LocalFb*tb*sin(pi*t(4)/Ll)*((hb/2-
gapb/2-rb)/bb)*(t(3)-hb/4-gapb/4-rb/2)^2/(-hb/4+gapb/4+rb/2)^2; 
                Dlocal(2)= 0;                    
            elseif (t(2)> bb/2-rb && t(3)<-gapb/2-rb)  % Right flange+ Bottom % Check limits 
                Dlocal(1)=-LocalFb*tb*sin(pi*t(4)/Ll)*((hb/2-gapb/2-rb)/bb)+LocalFb*tb*sin(pi*t(4)/Ll)*((hb/2-
gapb/2-rb)/bb)*(t(3)+hb/4+gapb/4+rb/2)^2/(-hb/4+gapb/4+rb/2)^2; 
                Dlocal(2)= 0;                    
            elseif (t(3)< gapb/2+rb && t(3)> -gapb/2-rb) % Web  
                Dlocal(1)= 0; 
                Dlocal(2)= LocalFb*tb*sin(pi*t(4)/Ll)-LocalFb*tb*sin(pi*t(4)/Ll)*t(2)^2/(bb/2-rb)^2;                       
            elseif (t(2)>-bb/2+rb && t(2)<0 && t(3)> hb/2-rb) % Left lip + Top 
                Dlocal(1)= 0; 
                Dlocal(2)= -2*LocalFb*tb*sin(pi*t(4)/Ll)*((hb/2-gapb/2-rb)/bb)*(hb/4-3*gapb/4-3*rb/2)/(-
hb/4+gapb/4+rb/2)^2*(t(2)+(bb/2-rb)); 
            elseif (t(2)>-bb/2+rb && t(2)<0 && t(3)< -hb/2+rb) % Left lip + Bottom 
                Dlocal(1)= 0; 
                Dlocal(2)= -2*LocalFb*tc*sin(pi*t(4)/Ll)*((hb/2-gapb/2-rb)/bb)*(hb/4-3*gapb/4-3*rb/2)/(-
hb/4+gapb/4+rb/2)^2*(t(2)+(bb/2-rb));                 
            elseif (t(2)<bb/2-rb && t(2)>0 && t(3)> hb/2-rb) % Right lip + Top 
                Dlocal(1)= 0; 
                Dlocal(2)= 2*LocalFb*tb*sin(pi*t(4)/Ll)*((hb/2-gapb/2-rb)/bb)*(hb/4-3*gapb/4-3*rb/2)/(-
hb/4+gapb/4+rb/2)^2*(t(2)-(bb/2-rb)); 
            elseif (t(2)<bb/2-rb && t(2)>0 && t(3)< -hb/2+rb) % Right lip + Bottom 
                Dlocal(1)= 0; 
                Dlocal(2)= 2*LocalFb*tb*sin(pi*t(4)/Ll)*((hb/2-gapb/2-rb)/bb)*(hb/4-3*gapb/4-3*rb/2)/(-
hb/4+gapb/4+rb/2)^2*(t(2)-(bb/2-rb));                    
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            else               
                Dlocal(1)= 0; 
                Dlocal(2)= 0;                              
            end        
          % Sectional imperfection modes end here 
            t(2)=t(2) + Dcamber + Dtwist(1) + Ddist(1) + Dlocal(1); % New coordinate X 
            t(3)=t(3) + Dbow + Dtwist(2)+ Ddist(2) + Dlocal(2); % New coordinate Y              
            fprintf(fout,'      %g, %12f, %12f, %12f\n',t(1),t(2),t(3),t(4));           
        end 
        fclose(fin); %closes the file 
        fclose(fout); %closes the file 
    end   
end 
 
C.5 Failure load output – Python script; 
 
from abaqus import* 
from abaqusConstants import* 
import numpy       
from odbAccess import* 
import string 
import sys, os 
import os 
import glob 
import time 
import csv 
NODB=201 # Number of ODB files 
os.chdir("c://Users/fhen3366/Documents/Abaqus_temp/WPF8/") 
o=open('WFrame8.csv','a') 
for j in range(NODB): 
 ODBFile="WFrame8-%d.odb" %(j) 
 if os.path.isfile(ODBFile): 
  myodb=openOdb(path=ODBFile) 
  l=myodb.steps['Wind'].historyRegions['Assembly ASSEMBLY'].historyOutputs['LPF'].data 
  Qmax=len(myodb.steps['Wind'].frames) 
  L=numpy.array(l) 
  L=L[:,1] 
  ul=myodb.steps['Wind'].historyRegions['Node LEAVE.581'].historyOutputs['U1'].data 
  UL=numpy.array(ul) 
  UL=UL[:,1] 
  ur=myodb.steps['Wind'].historyRegions['Node REAVE.529'].historyOutputs['U1'].data 
  UR=numpy.array(ur) 
  UR=UR[:,1]   
  U=(UL+UR)/2 
  L[0]=0 
  U[0]=0   
  dL=numpy.array(l) 
  dL=dL[:,1] 
  dU=numpy.array(ul) 
  dU=dU[:,1] 
  K=numpy.empty(Qmax) 
  Vmax=0 
  UU=0 
  for i in range(Qmax):   
   if U[i]<-0.05*4800: 
    Umax=i 
    Vmax=(L[i]-L[i-1])/(U[i]-U[i-1])*(-0.05*4800-U[i-1])+L[i-1] 
   else: 
    Umax=0 
    Vmax=0 
   if Vmax!=0: 
    UU=U[i] 
    break 
   else: 
    continue   
  for i in range(Qmax): 
   dL[i]=L[i]-L[(i-1)] 
   dU[i]=abs(U[i]-U[i-1]) 
   K[i]=dL[i]/dU[i] 
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   if i>3: 
    Kn=(K[1]+K[2]+K[3]+K[4])/4 
    if K[i] < (0.05*Kn) and K[i-1] < (0.05*Kn) and K[i-2] < (0.05*Kn) and K[i-
3] < (0.05*Kn) and K[i-4] < (0.05*Kn) and K[i-5] < (0.05*Kn): 
     Imax=i 
     Lmax=L[i-5]   #((L[i]-L[(i-1)])/(K[i]-K[(i-1)]))*(0.05*Kn-K[(i-
1)])+L[(i-1)] 
     break 
    else: 
     Imax=0 
     Lmax=0 
   else: 
    Lmax=0 
  P=numpy.amax(L) 
  Q=numpy.argmax(L) 
  if UU>U[Q]: 
   RR='OK' 
  else: 
   RR='Not OK'  
  if Q < (Qmax-1): 
   A=[j,P,(Q+1), Lmax, Imax, Vmax, Umax, RR] 
  else: 
   Q=0 
   A=[j,P,Q, Lmax, Imax, Vmax, Umax, RR]   
  # if Q < (Qmax-1): 
  #  A=[j,P,(Q+1)]   
  # else: 
  #   A=[j,P,Qmax,"repeat"] 
  # for i in range(len(LPF)): 
  # for i in range(len(A)/3): 
  csv.writer(o).writerow(A) 
 else:  
  j=j+1 
 
C.6 System reliability index for gravity loads only – Matlab script 
 
% F. Sena Cardoso 
% This program determines reliability index for a linear limit state 
% function with non-normal variables 
% 
% FORM 
clc, clearvars 
% User input 
    % Ratios dead/live load to study 
    L_to_D=[0.25 0.5 1 2 3 5]; 
    % Strengh nominal value 
    Rn=14.17; 
    % Parameters for strength distribution 
    mR=14.73166; 
    sR=1.12775; 
    % Fi-factors to analyse 
    f=[0.6 0.625 0.65 0.675 0.70 0.725 0.75 0.775 0.8 0.825 0.85 0.875 0.9 0.925 0.95 0.975 1.0]; 
    % Create a report file for reliabity results 
    fout=fopen('FORM2_Frame8_Nomi.txt','w');     
    % End of user input 
     
    fprintf(fout,'FORM study for Frame 3a\n'); 
        
    for j=1:length(L_to_D) %range of live to dead load ratios 
        t=L_to_D(j); 
        fprintf(fout,'   Results for L/D=%.3g\n',t);      
        for i=1:length(f) % range of system factors 
            if L_to_D(j)<0.1 % Dictated by Australian combination fRn > 1.35 Dn 
                Dn=f(i)*Rn/1.35; 
                Ln=L_to_D(j)*Dn; 
            else 
                Dn=f(i)*Rn/(1.2+1.5*L_to_D(j)); 
                Ln=L_to_D(j)*Dn; 
            end 
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            % Dead load parameters D/Dn=1.05 and CoV=0.10 
            mD_v(i)=1.05*Dn; 
            sD_v(i)=0.1*1.05*Dn; 
            % Live Load paramenters L/Ln=1.0 and CoV=0.25 
            mL_v(i)=Ln; 
            sL_v(i)=0.25*Ln; 
        end 
        for i=1:length(f) % range of system factors 
            % STEP 1: Define limit state function and variables 
            % g=R-D-L 
            % Strength distribution 
            % Assuming lognormal 
            mR=mR; 
            sR=sR; 
            % Dead load distribution 
            % Assuming normal 
            mD=mD_v(i); 
            sD=sD_v(i); 
            % Live load distribution 
            % Assuming extreme type I 
            mL=mL_v(i); 
            sL=sL_v(i); 
 
           % STEP 2: Obtain initial design point 
                r=mR; 
                l=mL; 
                d=r-l; 
            % Create the iteration stop criteria 
                b=10000; 
                db=10000; 
                dx=1; 
                while dx>0.000001 && db >0.001 
                % STEP 3: Determine the equivalent normal mean and standard deviation for 
                % initial design points 
                % For strength distribution obtain parameters of lognormal distribution 
                    sRe=r*(log((sR/mR)^2+1))^(1/2); 
                    mRe=r*(1-log(r)+(log(mR)-(1/2)*log((sR/mR)^2+1))); 
                % mD=mD 
                % sD=sD 
                % For live load obtain parameters of extreme type I distribution 
                   a=(pi^2/(6*(sL)^2))^(1/2); 
                   u=mL-0.5772/a; 
                % Obtain cdf and pdf for initial design points 
                    FL=exp(-exp(-a*(l-u))); 
                    fL=a*exp(-(a*(l-u)+exp(-a*(l-u)))); 
                % Obtain equivalent normal mean and standard deviation 
                    sLe=(1/fL)*normpdf(norminv(FL)); 
                    mLe=l-sLe*norminv(FL); 
                % STEP 4: Determine the reduced variables 
                    zr=(r-mRe)/sRe; 
                    zd=(d-mD)/sD; 
                    zl=(l-mLe)/sLe; 
                 % STEP 5: Obtain vector G: - partial derivatives at design points dG/dz 
                    Gr=-sRe; 
                    Gd=sD; 
                    Gl=sLe; 
                 % STEP 6: Obtain an estimation for reliability index b=G^T.z/(G^T.G)^(1/2} 
                    GT=(Gr^2+Gd^2+Gl^2)^(1/2); 
                    b_new=(Gr*zr+Gd*zd+Gl*zl)/GT; 
                % STEP 7: Obtain sensitivity factors array 
                    a=[Gr/GT Gd/GT Gl/GT]; 
                % STEP 8: Obtain new reduced design points 
                    zr=a(:,1)*b_new; 
                    zd=a(:,2)*b_new; 
                    zl=a(:,3)*b_new; 
                % STEP 9: Obtain updated values 
                    r_new=mRe+sRe*zr; 
                    l_new=mLe+sLe*zl; 
                    d_new=r_new-l_new; 
                % Stop criterion 
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                    db=abs(b-b_new); 
                    dx=max([abs(r-r_new) abs(d-d_new) abs(l-l_new)]); 
                    r=r_new; 
                    d=d_new; 
                    l=l_new; 
                    b=b_new; 
                end 
         % Print the result of simulations        
        A(i,:)=[L_to_D(j) f(i) b]; 
        fprintf(fout,'f-factor,reliabity index target = %.3f,%.4f\n',f(i),b);            
        results=sprintf('L_B %.3f',L_to_D(j)); 
        xlswrite('FORM2_Frame8_Nomi.xlsx',A,results);     
        end 
        target=[2 2.25 2.5 2.75 3 3.25 3.5 3.75 4]; 
        Q=interp1(A(:,3),A(:,2),target); 
        B=[target' Q'] 
        xlswrite('FORM2_Frame8N_Nomi.xlsx',B,results);          
    end 
    fprintf(fout,'End of report'); 
    fout=fclose('FORM2_Frame8_Nomi.txt','w'); 
 
C.7 System reliability index for combined gravity and wind loads – Matlab function 
 
% F. Sena Cardoso 
% Program that gives you the statistics of strength variable R defined by 
% the product of model uncertainty M with load proportionality factor L 
% According to a normal distribution 
function f=W_relindex(N,Rav,Rsd,Qav,Qsd) 
% N is the sample size 
R=rndlogn(Rav,Rsd,N,1); 
Q=rndev(Qav,Qsd,N,1); 
T=0; 
S=0; 
for i=1:N 
    if R(i)-Q(i)>=0 
        p(i)=0; 
    elseif R(i)-Q(i)<0 
        p(i)=1; 
    end 
    T=T+p(i); 
end 
T=T 
Pf=T/N 
f(1)=-norminv(Pf,0,1)*1000; 
f(3)=mean(R); 
f(4)=std(R); 
f(5)=mean(Q); 
f(6)=std(Q); 
 
C.8 Various embedded functions – Matlab functions 
 
% F. Sena Cardoso 
% This is a function that converts two rotations of the upright to an 
% axis+angle notation 
function r=AxisAngle2(outofplumb) 
aux=angle2quat(-pi/2,-outofplumb,0,'XYZ'); 
q=[2*acos(aux(1)) aux(2)/sqrt(1-aux(1)^2) aux(3)/sqrt(1-aux(1)^2) aux(4)/sqrt(1-aux(1)^2)]; 
q(1)=q(1)*180/pi; 
r=q; % returns [angle, component x of rotation axis, component y of rotation axis, component z of rotation 
axis] 
 
%F. Sena Cardoso 
% Program that a function to obtain a vector of a certain random variable 
% according to a latin hypercube sampling with N intervals (and 
% simulations) using a known distribution based on average and standard 
% deviation 
% According to a lognormal distribution 
function f=logngen(N,E,stdev) 
mu=log(E^2/((stdev^2+E^2)^(1/2))); 
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sigma=(log((stdev/E)^2+1))^(1/2); 
P=lhsdesign(N,1); 
f=logninv(P,mu,sigma); 
 
%F. Sena Cardoso 
% Program that a function to obtain a vector of a certain random variable 
% according to a latin hypercube sampling with N intervals (and 
% simulations) using a known distribution based on average and standard 
% deviation 
% According to a normal distribution 
function f=normgen(N,E,stdev) 
mu=E; 
sigma=stdev; 
P=lhsdesign(N,1); 
f=norminv(P,mu,sigma); 
 
%F. Sena Cardoso 
% Program that defines several functions to obtain random generated numbers 
% according to known distributions based on average and standard deviation 
% Random number generation 
% According to an Extreme Type I (Gumbel) Distribution 
function f = rndev(E,stdev,nRows,nCols) 
mu=E+0.5772*6^(1/2)/pi*stdev; 
sigma=6^(1/2)/pi*stdev; 
m=nRows; 
n=nCols; 
f=evrnd(mu,sigma,m,n); 
% Exit 
 
%F. Sena Cardoso 
% Program that defines several functions to obtain random generated numbers 
% according to known distributions based on average and standard deviation 
% Random number generation 
% According to a lognormal distribution 
function f = rndlogn(E,stdev,nRows,nCols) 
mu=log(E^2/((stdev^2+E^2)^(1/2))); 
sigma=(log((stdev/E)^2+1))^(1/2); 
m=nRows; 
n=nCols; 
f=lognrnd(mu,sigma,m,n); 
% Exit 
 
% F. Sena Cardoso 
% Program that defines several functions to obtain random generated numbers 
% according to known distributions based on average and standard deviation 
% Random number generation 
% According to a normal distribution 
function f = rndnorm(E,stdev,nRows,nCols) 
mu=E; 
sigma=stdev; 
m=nRows; 
n=nCols; 
f=normrnd(mu,sigma,m,n); 
%Exit 
 
%F. Sena Cardoso 
% Program that a function to obtain a vector of a certain random variable 
% according to a latin hypercube sampling with N intervals (and 
% simulations) using a known distribution based on average and standard 
% deviation 
% According to a sign distribution x normal distribution 
function f=signnormgen(N,E,stdev) 
mu=E; 
sigma=stdev; 
P=lhsdesign(N,1); 
f1=norminv(P,mu,sigma); 
for i=1:N 
    if i<=N/2; 
        S(i)=1; 
    else i>N/2 && i<=N; 
        S(i)=-1; 
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    end 
end 
S=S(randperm(length(S))); 
for i=1:N 
    aux(i)=f1(i)*S(i); 
end 
f=aux; 
 
% F. Sena Cardoso 
% Let's interpolate 
clc, clearvars 
% User input 
    % Ratios W_to_D to analyse 
    W_to_D=[4 5 6]; 
    % For a certain fi-factor 
    A=[[2.694 1.9511];[5.491 1.9809];[10.787 1.6887]];    
    % Result 
    Q(:,2)=interp1(A(:,1),A(:,2),W_to_D); 
    Q(:,1)=W_to_D 
 
% F. Sena Cardoso 
% Let's interpolate 
clc, clearvars 
% User input 
    % Reliability indeces to analyse 
    b=[2.0 2.25 2.5 2.75 3.0 3.25 3.5]; 
    % For a certain reliability index 
    A(:,1)=[0.6 0.7 0.8 0.9 1.0]; 
    A(:,2)=[4.2752 3.426 2.8224 2.3667 1.9528]; 
    % Result 
    Q(:,2)=interp1(A(:,2),A(:,1),b); 
    Q(:,1)=b 
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APPENDIX D – SYSTEM STRENGTH RESULTS 
 
This appendix provides the full simulation results for the representative frames. 
 
Table D-1 – System strength distribution for SR1. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
2.688 19 2.781 19 2.653 33 2.282 22 
2.363 33 2.621 16 2.316 0 2.576 18 
2.170 26 2.258 40 2.310 23 2.594 22 
2.330 34 2.408 38 2.506 32 2.438 31 
2.470 38 2.443 27 2.414 27 2.466 24 
2.612 29 2.549 24 2.362 22 2.281 25 
2.821 13 2.561 26 2.443 0 2.309 25 
2.615 39 2.210 19 2.689 27 2.532 24 
2.343 22 2.288 31 2.644 17 2.506 26 
2.171 27 2.304 18 2.295 35 2.808 26 
2.232 28 2.287 30 2.563 27 2.284 27 
2.422 21 2.461 13 2.343 40 2.287 22 
2.658 26 2.447 24 2.670 34 2.359 19 
2.262 40 2.114 16 2.378 23 2.422 30 
2.365 29 2.244 12 2.426 12 2.588 21 
2.700 25 2.165 31 2.174 40 2.456 25 
2.079 32 2.241 27 2.170 27 2.453 25 
2.345 19 2.265 22 2.171 24 2.280 39 
1.990 40 2.383 27 2.224 31 2.175 38 
2.396 25 2.451 30 2.872 27 2.483 33 
2.451 32 2.615 36 2.334 30 2.319 20 
1.945 36 2.439 25 2.433 0 2.319 33 
2.478 15 2.579 33 2.578 33 2.104 21 
2.435 0 2.272 15 2.533 26 2.423 26 
2.138 19 2.541 27 2.585 25 2.283 19 
2.765 32 2.347 11 2.106 8 2.789 26 
2.352 28 2.126 20 2.079 0 2.344 30 
2.311 33 2.209 27 2.464 21 2.606 28 
2.510 0 2.391 21 2.444 18 1.982 25 
2.590 17 2.340 30 2.190 30 2.339 31 
2.118 17 2.066 35 2.183 28 2.359 25 
2.311 28 2.554 27 2.579 25 2.531 28 
2.312 17 2.655 37 2.121 29 2.445 0 
2.292 36 2.458 27 2.147 23 2.619 22 
2.659 25 2.396 36 2.440 32 2.353 17 
2.272 20 2.420 39 2.256 23 2.352 15 
2.460 30 2.638 32 2.396 22 2.357 24 
2.226 24 2.549 26 2.275 30 2.039 16 
2.306 23 2.098 19 2.479 0 2.370 30 
2.803 11 2.301 38 2.696 24 2.585 9 
2.216 17 2.353 23 2.424 16 2.401 27 
2.475 27 2.450 28 2.527 33 2.255 35 
2.314 15 2.437 0 2.757 32 2.084 23 
2.328 27 2.522 12 2.228 17 2.209 30 
2.469 28 2.063 28 2.000 25 2.628 26 
2.441 32 2.334 31 2.594 27 2.296 28 
2.402 28 2.590 27 2.425 25 2.058 30 
2.192 30 2.501 37 2.017 10 2.271 22 
2.243 29 2.315 28 2.490 16 2.212 25 
2.186 19 2.358 24 2.273 19 2.309 29 
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Table D-2 – System strength distribution for SR1wD. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
2.362 
 
2.640 19 2.486 33 2.264 20 
2.332 34 2.612 30 2.267 22 2.568 29 
2.276 21 2.250 29 2.278 21 2.582 21 
2.298 19 2.399 27 2.508 26 2.389 39 
2.477 31 2.426 17 2.405 40 2.458 31 
2.617 26 2.541 34 2.327 25 2.310 21 
2.631 26 2.531 24 2.435 33 2.273 26 
2.636 19 2.205 21 2.708 29 2.528 25 
2.334 26 2.290 22 2.483 33 2.509 27 
2.170 24 2.123 0 2.292 21 2.807 21 
2.244 28 2.316 20 2.550 24 2.282 23 
2.388 20 2.372 22 2.319 27 2.307 25 
2.649 21 2.424 21 2.678 22 2.362 26 
2.213 20 2.093 26 2.394 20 2.397 40 
2.371 20 2.220 15 2.338 29 2.582 23 
2.688 21 2.137 18 2.161 25 2.450 21 
2.051 19 2.215 23 2.161 22 2.426 23 
2.275 28 2.257 31 2.153 14 2.264 28 
1.959 15 2.374 23 2.225 20 2.147 22 
2.392 24 2.452 30 2.875 27 2.468 22 
2.433 25 2.626 37 2.323 0 2.255 20 
1.920 21 2.439 26 2.430 22 2.268 36 
2.414 29 2.584 22 2.572 28 2.082 21 
2.507 26 2.257 39 2.530 25 2.413 25 
2.120 18 2.521 32 2.585 25 2.182 18 
2.749 23 2.283 26 2.051 20 2.798 18 
2.362 0 2.096 23 2.088 26 2.303 23 
2.296 22 2.188 0 2.438 24 2.597 25 
2.510 32 2.358 26 2.433 21 1.957 29 
2.468 33 2.318 24 2.175 26 2.332 24 
2.122 21 2.144 23 2.156 22 2.266 26 
2.301 36 2.560 28 2.600 24 2.534 28 
2.293 28 2.662 22 2.160 0 2.419 22 
2.276 38 2.449 27 2.111 20 2.604 28 
2.639 25 2.401 22 2.409 24 2.342 26 
2.194 19 2.405 30 2.254 24 2.273 29 
2.459 23 2.632 25 2.379 23 2.357 27 
2.231 22 2.544 25 2.213 0 2.030 20 
2.294 36 2.053 14 2.481 34 2.367 22 
2.717 28 2.309 30 2.670 37 2.474 24 
2.194 25 2.347 25 2.236 28 2.255 25 
2.476 21 2.445 21 2.521 21 2.221 24 
2.243 16 2.420 27 2.760 18 2.163 20 
2.363 24 2.466 21 2.190 25 2.184 22 
2.507 28 2.030 23 1.978 19 2.618 26 
2.409 28 2.314 23 2.595 24 2.302 40 
2.389 20 2.581 27 2.445 23 2.054 23 
2.167 23 2.504 23 1.971 23 2.252 19 
2.251 25 2.308 27 2.381 27 2.185 40 
2.175 26 2.322 22 2.185 26 2.295 0 
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Table D-3 – System strength distribution for SR1a. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
2.078 21 2.453 37 2.178 24 2.263 40 
2.431 0 2.530 32 2.363 25 2.370 14 
2.413 35 2.200 31 2.644 27 2.741 37 
2.152 15 2.123 12 2.480 18 2.315 15 
2.500 13 2.608 40 2.266 23 2.552 28 
2.329 30 2.524 29 2.482 21 2.378 33 
2.272 34 2.218 20 2.528 26 2.373 23 
2.084 29 2.702 12 2.626 30 3.198 13 
2.312 33 2.503 33 2.385 14 2.269 18 
2.871 26 2.328 25 2.139 26 2.470 27 
2.367 28 1.891 18 2.394 40 2.034 40 
2.205 11 2.479 25 2.467 26 2.059 24 
2.679 32 2.514 31 2.556 28 2.429 39 
2.576 28 2.559 28 2.189 20 2.167 36 
2.423 15 2.661 27 2.177 37 2.389 34 
2.397 21 2.392 34 2.639 25 2.448 28 
2.634 37 2.205 27 2.288 29 2.292 24 
2.333 22 2.413 24 2.453 28 2.373 22 
2.616 35 2.299 23 2.340 34 2.453 13 
2.217 30 2.551 22 2.338 33 2.093 21 
2.219 28 2.465 30 2.443 35 2.455 31 
2.622 26 2.343 31 2.523 30 2.374 22 
2.543 37 2.298 29 2.447 14 2.158 23 
2.307 37 2.581 18 2.205 35 2.205 24 
2.609 33 2.284 26 2.360 36 2.390 13 
2.103 16 2.366 28 2.286 35 2.465 23 
2.546 28 2.500 23 2.220 21 2.595 35 
2.465 25 2.427 26 2.680 33 2.244 12 
2.446 33 2.620 34 2.551 30 2.617 16 
2.606 26 2.196 35 2.383 25 2.467 22 
2.256 19 2.275 24 2.437 36 2.494 31 
2.026 0 2.235 16 2.231 27 2.134 11 
2.403 27 2.421 30 2.413 37 2.201 19 
2.353 21 2.286 29 2.464 11 2.637 12 
2.677 24 2.275 15 2.392 35 2.278 23 
2.175 25 2.195 7 2.398 30 2.357 27 
2.458 25 2.926 26 2.377 21 1.974 19 
2.320 30 2.206 12 2.402 30 2.616 30 
2.220 0 2.269 26 2.166 12 2.376 34 
2.661 24 2.363 25 2.239 15 2.467 26 
2.903 30 2.336 23 2.401 16 2.123 14 
2.398 38 2.392 16 2.277 25 2.210 37 
2.880 16 2.004 17 2.614 25 2.474 23 
2.490 23 2.633 20 2.639 17 2.391 22 
2.625 12 2.296 26 2.305 38 2.101 21 
2.487 33 2.374 22 2.480 11 2.794 13 
2.413 32 2.441 30 2.459 17 2.254 30 
2.418 22 2.527 24 2.346 24 2.411 20 
2.208 36 2.392 27 2.421 30 2.170 27 
2.339 29 2.312 29 2.137 26 2.259 14 
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Table D-4 – System strength distribution for SR1awD. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
2.047 22 2.441 25 2.154 23 2.262 27 
2.393 29 2.453 30 2.377 31 2.347 29 
2.355 24 2.215 22 2.625 22 2.751 27 
2.166 31 2.142 18 2.482 26 2.244 27 
2.483 26 2.575 29 2.292 37 2.540 24 
2.333 30 2.519 24 2.490 24 2.377 24 
2.287 27 2.219 26 2.534 35 2.382 29 
2.049 25 2.555 31 2.580 28 2.941 24 
2.283 27 2.487 30 2.290 25 2.290 26 
2.866 32 2.294 40 2.170 28 2.450 21 
2.331 33 1.891 21 2.387 31 2.038 25 
2.180 16 2.452 24 2.463 25 2.022 0 
2.685 30 2.517 19 2.522 24 2.361 25 
2.560 22 2.541 26 2.155 28 2.098 0 
2.341 28 2.631 29 2.281 22 2.391 24 
2.399 23 2.365 38 2.618 26 2.428 26 
2.642 24 2.235 29 2.276 28 2.260 20 
2.366 23 2.418 25 2.434 0 2.343 35 
2.627 23 2.255 17 2.298 21 2.442 25 
2.209 29 2.531 27 2.314 23 2.045 35 
2.209 26 2.472 22 2.439 29 2.439 19 
2.591 18 2.330 24 2.493 23 2.363 23 
2.538 27 2.316 23 2.437 29 2.165 0 
2.336 25 2.476 37 2.224 24 2.212 36 
2.611 28 2.285 33 2.364 30 2.330 30 
2.093 19 2.345 25 2.201 23 2.448 27 
2.561 30 2.487 22 2.196 19 2.563 37 
2.472 33 2.429 29 2.653 40 2.167 20 
2.386 28 2.595 23 2.540 21 2.469 27 
2.593 28 2.228 18 2.288 24 2.481 30 
2.207 31 2.274 32 2.432 26 2.468 27 
2.102 25 2.169 18 2.210 26 2.162 31 
2.422 21 2.366 21 2.431 36 2.190 20 
2.313 21 2.268 15 2.378 40 2.569 30 
2.687 22 2.263 18 2.388 21 2.249 34 
2.195 18 2.153 20 2.380 35 2.382 30 
2.449 38 2.895 24 2.360 21 1.947 15 
2.297 21 2.146 24 2.398 16 2.613 28 
2.244 27 2.286 26 2.118 33 2.398 22 
2.646 30 2.346 29 2.219 18 2.427 27 
2.882 35 2.370 25 2.338 0 2.171 19 
2.392 34 2.288 24 2.297 28 2.235 21 
2.666 29 1.921 10 2.603 24 2.480 25 
2.467 23 2.486 26 2.490 31 2.370 28 
2.593 20 2.296 29 2.308 30 2.153 26 
2.497 36 2.380 24 2.392 29 2.597 29 
2.428 27 2.439 31 2.469 29 2.241 24 
2.417 22 2.520 24 2.260 23 2.348 20 
2.177 24 2.368 26 2.451 27 2.172 29 
2.292 25 2.328 29 2.102 23 2.251 23 
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Table D-5 – System strength distribution for SR1b. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
2.342 12 2.501 14 2.617 15 2.968 38 
1.991 9 2.625 19 2.539 13 2.229 13 
2.038 19 2.567 14 2.499 17 2.458 13 
2.401 17 2.345 15 2.318 15 2.178 15 
2.223 7 2.588 16 2.451 13 2.429 14 
2.502 15 2.584 18 2.751 16 2.593 16 
2.388 15 2.269 13 1.684 29 2.481 16 
2.345 14 1.642 26 2.819 35 2.712 19 
2.201 0 2.557 14 2.377 20 2.740 18 
2.121 10 2.576 0 2.909 27 2.034 14 
2.649 15 2.475 14 2.229 10 3.096 16 
2.284 23 2.432 16 2.257 12 2.529 20 
2.461 18 2.387 13 2.635 14 2.409 14 
2.464 15 2.904 27 2.365 15 2.269 15 
2.143 16 2.852 16 2.654 33 2.214 15 
2.293 11 2.568 16 2.478 11 2.629 12 
1.916 12 2.450 13 2.554 18 2.334 12 
2.285 12 2.612 13 2.383 12 2.393 17 
2.434 13 2.652 25 2.151 12 2.567 17 
2.251 23 2.286 17 2.084 16 2.561 18 
2.463 12 2.472 14 2.184 16 2.497 13 
2.267 13 2.384 14 2.704 16 2.927 34 
2.405 12 2.378 13 2.313 13 2.520 14 
2.417 10 2.521 23 2.358 11 2.579 10 
2.522 15 2.523 17 2.314 13 2.496 15 
2.293 16 2.539 18 2.854 27 2.381 15 
2.474 16 2.763 17 2.460 15 2.254 27 
2.460 16 2.358 18 2.712 0 2.440 15 
2.018 27 2.245 20 2.687 18 2.553 19 
2.750 15 2.796 36 2.342 12 2.619 14 
2.430 15 2.523 15 2.378 16 2.129 11 
2.608 27 2.259 16 2.780 29 2.387 22 
2.435 16 2.645 22 2.738 24 2.155 12 
2.391 15 2.170 15 2.224 20 2.211 13 
2.289 17 2.552 15 2.451 17 2.628 16 
2.272 13 2.327 18 2.545 13 2.370 13 
2.428 16 2.221 12 2.619 17 3.048 21 
2.578 25 2.453 14 2.097 14 2.061 14 
2.194 15 2.530 14 2.631 36 2.499 23 
2.437 13 2.300 14 2.619 15 2.638 19 
2.997 0 2.559 20 2.708 23 2.681 18 
2.623 13 2.338 15 2.383 19 2.607 39 
2.480 13 2.404 13 2.081 11 2.528 11 
2.124 11 2.513 38 2.718 14 2.331 15 
2.171 11 2.464 13 2.165 13 2.187 18 
2.573 17 2.463 16 2.407 14 2.146 13 
2.538 15 2.425 15 3.166 29 2.256 10 
2.544 18 2.126 15 2.669 18 2.318 12 
2.534 13 2.146 18 2.491 24 2.784 15 
2.569 14 2.656 18 2.589 30 2.658 14 
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Table D-6 – System strength distribution for SR1bwD. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
2.375 15 2.545 35 2.615 26 2.441 0 
2.064 17 2.570 21 2.560 17 2.245 15 
2.050 0 2.559 18 2.493 18 2.476 13 
2.397 23 2.309 25 2.332 17 2.185 16 
2.235 12 2.591 20 2.477 16 2.386 17 
2.472 18 2.558 17 2.787 25 2.579 19 
2.434 18 2.301 14 1.629 13 2.471 18 
2.290 16 1.812 33 2.797 36 2.714 19 
2.212 16 2.587 16 2.412 17 2.760 21 
2.164 15 2.626 26 2.900 23 2.020 14 
2.573 18 2.440 14 2.248 13 3.050 27 
2.267 18 2.357 16 2.290 0 2.462 21 
2.347 21 2.396 21 2.617 13 2.382 15 
2.474 21 2.903 32 2.395 19 2.273 11 
2.140 17 2.842 16 2.667 23 2.200 16 
2.275 13 2.607 19 2.477 15 2.650 15 
1.985 16 2.528 16 2.550 29 2.322 12 
2.295 17 2.616 0 2.417 28 2.386 17 
2.517 20 2.659 24 2.152 14 2.609 14 
2.229 17 2.250 13 2.091 19 2.538 23 
2.456 12 2.449 17 2.204 15 2.515 12 
2.327 14 2.341 14 2.691 22 2.914 38 
2.401 13 2.304 16 2.315 15 2.549 19 
2.385 0 2.502 23 2.371 16 2.581 0 
2.520 20 2.454 16 2.328 17 2.549 15 
2.243 15 2.510 19 2.876 22 2.338 16 
2.448 16 2.797 18 2.499 18 2.242 16 
2.509 22 1.782 8 2.740 16 2.418 12 
2.049 24 2.251 24 2.674 21 2.535 18 
2.770 17 2.793 39 2.341 19 2.708 21 
2.424 16 2.457 10 2.412 20 2.115 15 
2.583 20 2.209 13 2.691 19 2.352 14 
2.464 13 2.572 22 2.688 0 2.168 13 
2.397 14 2.112 14 2.251 14 2.178 11 
2.291 16 2.488 16 2.443 14 2.593 19 
2.324 19 2.343 28 2.524 16 2.374 17 
2.318 30 2.231 16 2.577 23 3.087 25 
2.532 21 2.420 11 2.094 18 2.054 14 
2.231 10 2.534 0 2.570 32 2.454 17 
2.400 15 2.311 17 2.585 15 2.664 20 
2.946 29 2.515 20 2.723 30 2.713 39 
2.624 17 2.293 13 2.384 0 2.593 23 
2.468 13 2.417 15 2.098 15 2.521 15 
2.107 11 2.484 26 2.746 16 2.304 17 
2.149 13 2.456 19 2.156 0 2.178 14 
2.635 16 2.398 20 2.396 13 2.135 40 
2.559 18 2.448 18 3.157 27 2.278 11 
2.587 20 2.131 13 2.641 19 2.342 20 
2.529 19 2.187 19 2.492 16 2.802 24 
2.595 16 2.631 18 2.583 24 2.632 21 
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Table D-7 – System strength distribution for SR2. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
1.323 16 1.372 20 1.479 0 1.340 26 
1.398 16 1.432 23 1.392 18 1.349 20 
1.407 35 1.319 25 1.341 39 1.419 38 
1.342 28 1.473 27 1.470 38 1.372 12 
1.179 15 1.586 19 1.465 0 1.343 26 
1.520 16 1.304 28 1.179 14 1.377 22 
1.392 21 1.468 17 1.334 0 1.517 29 
1.522 14 1.098 11 1.561 21 1.462 33 
1.426 31 1.367 13 1.394 24 1.350 23 
1.322 14 1.555 19 1.301 0 1.407 17 
1.345 17 1.366 18 1.432 19 1.460 21 
1.236 23 1.397 14 1.373 19 1.365 22 
1.368 16 1.434 28 1.599 21 1.481 7 
1.381 31 1.259 28 1.274 18 1.560 15 
1.394 14 1.301 28 1.232 22 1.526 16 
1.398 27 1.504 19 1.463 16 1.422 40 
1.440 22 1.244 25 1.491 36 1.341 38 
1.384 16 1.418 16 1.389 21 1.384 20 
1.425 18 1.432 19 1.485 13 1.246 18 
1.477 27 1.593 35 1.338 16 1.479 19 
1.355 20 1.451 12 1.531 34 1.361 33 
1.276 17 1.456 15 1.478 24 1.482 28 
1.384 27 1.487 28 1.414 31 1.572 11 
1.339 26 1.574 9 1.422 12 1.210 18 
1.533 22 1.519 9 1.474 22 1.348 15 
1.264 16 1.258 38 1.471 17 1.509 17 
1.285 26 1.359 19 1.440 20 1.453 14 
1.427 27 1.386 19 1.320 25 1.552 22 
1.317 28 1.171 13 1.212 30 1.415 16 
1.329 15 1.817 19 1.334 24 1.379 23 
1.344 21 1.430 26 1.418 18 1.368 14 
1.244 19 1.327 30 1.278 21 1.628 20 
1.415 24 1.637 19 1.309 27 1.393 17 
1.396 18 1.492 20 1.300 24 1.328 36 
1.423 11 1.384 10 1.462 23 1.328 17 
1.324 26 1.366 17 1.312 34 1.384 15 
1.423 20 1.514 21 1.391 16 1.339 12 
1.469 26 1.539 19 1.403 11 1.275 13 
1.251 16 1.516 12 1.433 26 1.345 21 
1.306 26 1.400 12 1.365 18 1.426 16 
1.388 20 1.502 15 1.366 22 1.453 13 
1.330 15 1.424 0 1.348 24 1.328 16 
1.386 22 1.629 11 1.360 14 1.412 16 
1.450 28 1.375 36 1.504 12 1.414 15 
1.446 11 1.439 21 1.547 26 1.400 22 
1.429 17 1.343 15 1.446 19 1.302 12 
1.420 21 1.481 16 1.326 16 1.358 14 
1.547 18 1.423 27 1.478 31 1.451 30 
1.858 0 1.451 12 1.420 15 1.532 15 
1.382 20 1.451 13 1.282 21 1.601 14 
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Table D-7 – System strength distribution for SR2. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
1.323 16 1.372 20 1.479 0 1.340 26 
1.398 16 1.432 23 1.392 18 1.349 20 
1.407 35 1.319 25 1.341 39 1.419 38 
1.342 28 1.473 27 1.470 38 1.372 12 
1.179 15 1.586 19 1.465 0 1.343 26 
1.520 16 1.304 28 1.179 14 1.377 22 
1.392 21 1.468 17 1.334 0 1.517 29 
1.522 14 1.098 11 1.561 21 1.462 33 
1.426 31 1.367 13 1.394 24 1.350 23 
1.322 14 1.555 19 1.301 0 1.407 17 
1.345 17 1.366 18 1.432 19 1.460 21 
1.236 23 1.397 14 1.373 19 1.365 22 
1.368 16 1.434 28 1.599 21 1.481 7 
1.381 31 1.259 28 1.274 18 1.560 15 
1.394 14 1.301 28 1.232 22 1.526 16 
1.398 27 1.504 19 1.463 16 1.422 40 
1.440 22 1.244 25 1.491 36 1.341 38 
1.384 16 1.418 16 1.389 21 1.384 20 
1.425 18 1.432 19 1.485 13 1.246 18 
1.477 27 1.593 35 1.338 16 1.479 19 
1.355 20 1.451 12 1.531 34 1.361 33 
1.276 17 1.456 15 1.478 24 1.482 28 
1.384 27 1.487 28 1.414 31 1.572 11 
1.339 26 1.574 9 1.422 12 1.210 18 
1.533 22 1.519 9 1.474 22 1.348 15 
1.264 16 1.258 38 1.471 17 1.509 17 
1.285 26 1.359 19 1.440 20 1.453 14 
1.427 27 1.386 19 1.320 25 1.552 22 
1.317 28 1.171 13 1.212 30 1.415 16 
1.329 15 1.817 19 1.334 24 1.379 23 
1.344 21 1.430 26 1.418 18 1.368 14 
1.244 19 1.327 30 1.278 21 1.628 20 
1.415 24 1.637 19 1.309 27 1.393 17 
1.396 18 1.492 20 1.300 24 1.328 36 
1.423 11 1.384 10 1.462 23 1.328 17 
1.324 26 1.366 17 1.312 34 1.384 15 
1.423 20 1.514 21 1.391 16 1.339 12 
1.469 26 1.539 19 1.403 11 1.275 13 
1.251 16 1.516 12 1.433 26 1.345 21 
1.306 26 1.400 12 1.365 18 1.426 16 
1.388 20 1.502 15 1.366 22 1.453 13 
1.330 15 1.424 0 1.348 24 1.328 16 
1.386 22 1.629 11 1.360 14 1.412 16 
1.450 28 1.375 36 1.504 12 1.414 15 
1.446 11 1.439 21 1.547 26 1.400 22 
1.429 17 1.343 15 1.446 19 1.302 12 
1.420 21 1.481 16 1.326 16 1.358 14 
1.547 18 1.423 27 1.478 31 1.451 30 
1.858 0 1.451 12 1.420 15 1.532 15 
1.382 20 1.451 13 1.282 21 1.601 14 
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Table D-8 – System strength distribution for SR2wD. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
1.311 18 1.369 21 1.288 8 1.332 24 
1.276 10 1.388 15 1.170 13 1.291 11 
1.401 32 1.288 21 1.326 34 1.419 40 
1.339 23 1.338 15 1.469 36 1.220 14 
1.074 12 1.395 12 1.298 12 1.318 24 
1.347 13 1.273 17 1.027 11 1.339 14 
1.186 11 1.377 16 1.320 35 1.468 26 
1.328 12 1.023 9 1.369 16 1.449 30 
1.312 9 1.245 8 1.347 14 1.262 13 
1.223 0 1.355 11 1.263 21 1.273 14 
1.220 11 1.197 11 1.269 9 1.394 0 
1.236 22 1.257 9 1.229 11 1.352 20 
1.256 12 1.402 19 1.406 10 1.342 12 
1.306 15 1.185 13 1.177 21 1.463 13 
1.232 8 1.305 28 1.231 21 1.397 13 
1.301 13 1.424 17 1.307 17 1.412 35 
1.341 11 1.177 11 1.313 10 1.334 35 
1.322 12 1.319 10 1.292 13 1.213 12 
1.232 10 1.279 10 1.465 19 1.123 15 
1.398 19 1.411 14 1.359 18 1.342 12 
1.262 12 1.312 15 1.438 13 1.334 24 
1.154 12 1.361 12 1.288 10 1.386 14 
1.360 20 1.366 0 1.372 14 1.569 11 
1.333 25 1.498 9 1.178 13 1.153 18 
1.489 23 1.420 13 1.339 10 1.147 13 
1.103 18 1.259 37 1.375 12 1.345 17 
1.261 20 1.256 12 1.410 19 1.309 9 
1.291 13 1.239 11 1.314 22 1.434 14 
1.229 17 1.010 9 1.213 28 1.287 13 
1.231 9 1.731 26 1.208 14 1.238 18 
1.217 10 1.307 13 1.235 7 1.257 12 
1.231 22 1.327 29 1.160 19 1.317 12 
1.358 13 1.398 11 1.224 17 1.245 11 
1.217 9 1.486 17 1.297 31 1.269 14 
1.393 13 1.254 10 1.451 25 1.240 12 
1.249 16 1.244 12 1.282 18 1.381 19 
1.335 10 1.409 14 1.334 8 1.120 10 
1.445 18 1.522 34 1.259 11 1.129 11 
1.250 18 1.356 12 1.281 13 1.272 14 
1.232 17 1.181 10 1.268 15 1.346 16 
1.276 14 1.367 11 1.357 20 1.337 12 
1.298 15 1.402 32 1.252 16 1.319 24 
1.286 9 1.531 12 1.220 9 1.278 11 
1.414 19 1.285 15 1.382 12 1.264 10 
1.366 10 1.275 17 1.443 14 1.290 11 
1.252 11 1.306 16 1.311 12 1.294 17 
1.432 13 1.362 12 1.299 11 1.124 8 
1.529 16 1.415 29 1.386 0 1.434 30 
1.418 17 1.282 10 1.186 10 1.494 17 
1.150 15 1.311 10 1.179 12 1.364 13 
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Table D-9 – System strength distribution for SR2wD2. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
1.279 11 1.369 23 1.247 7 1.327 27 
1.399 33 1.348 16 1.209 15 1.344 21 
1.399 33 1.299 24 1.334 36 1.417 36 
1.334 25 1.379 15 1.470 38 1.173 14 
1.080 16 1.427 14 1.377 9 1.326 23 
1.390 12 1.218 14 1.060 12 1.288 10 
1.232 12 1.374 15 1.315 34 1.454 24 
1.318 11 1.070 8 1.341 13 1.451 29 
1.323 11 1.237 9 1.348 12 1.320 17 
1.169 11 1.388 11 1.293 37 1.291 13 
1.177 14 1.179 16 1.200 12 1.351 15 
1.225 22 1.216 9 1.319 11 1.345 19 
1.213 9 1.352 14 1.414 14 1.387 13 
1.329 17 1.178 16 1.171 9 1.370 11 
1.157 11 1.301 30 1.229 23 1.376 14 
1.265 14 1.376 13 1.374 9 1.395 24 
1.438 24 1.203 13 1.362 11 1.335 35 
1.237 11 1.364 14 1.282 14 1.321 25 
1.235 12 1.329 10 1.464 16 1.201 14 
1.380 16 1.422 29 1.328 13 1.347 15 
1.271 11 1.347 15 1.469 16 1.343 28 
1.183 10 1.359 11 1.311 12 1.428 16 
1.386 25 1.383 18 1.285 14 1.562 12 
1.322 18 1.453 14 1.163 12 1.141 14 
1.435 21 1.389 16 1.383 13 1.128 8 
1.148 10 1.254 36 1.435 15 1.387 15 
1.271 23 1.259 13 1.418 20 1.246 12 
1.369 16 1.263 11 1.326 24 1.525 23 
1.296 24 1.015 11 1.213 28 1.299 10 
1.186 9 1.566 15 1.230 13 1.313 15 
1.233 12 1.303 11 1.178 11 1.209 15 
1.231 20 1.327 31 1.198 17 1.355 12 
1.335 12 1.394 11 1.271 19 1.183 10 
1.210 9 1.481 18 1.297 33 1.260 15 
1.378 12 1.268 12 1.458 19 1.152 10 
1.227 15 1.182 12 1.290 23 1.382 25 
1.284 11 1.385 14 1.388 14 1.128 8 
1.463 22 1.514 17 1.179 10 1.119 15 
1.253 15 1.333 11 1.306 14 1.328 20 
1.228 14 1.177 13 1.247 19 1.300 15 
1.324 10 1.374 11 1.355 21 1.316 0 
1.323 20 1.416 0 1.271 17 1.321 20 
1.232 9 1.537 13 1.205 14 1.253 16 
1.399 17 1.347 21 1.337 11 1.286 10 
1.313 12 1.292 14 1.453 12 1.278 11 
1.264 13 1.289 13 1.253 11 1.293 18 
1.430 15 1.360 11 1.250 11 1.128 11 
1.523 32 1.415 29 1.430 23 1.430 33 
1.419 18 1.326 12 1.239 7 1.481 14 
1.226 10 1.372 12 1.106 16 1.312 14 
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Table D-10 – System strength distribution for SR2a. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
1.517 29 1.454 14 1.475 22 1.511 12 
1.465 16 1.409 0 1.538 9 1.771 22 
1.354 20 1.479 15 1.756 15 1.585 14 
1.412 29 1.279 31 1.281 34 1.495 21 
1.424 16 1.264 24 1.731 31 1.284 12 
1.346 25 1.468 18 1.521 20 1.458 29 
1.273 34 1.454 0 1.408 30 1.396 20 
1.392 14 1.276 27 1.337 19 1.462 25 
1.421 15 1.574 12 1.494 14 1.370 19 
1.505 32 1.353 39 1.381 40 1.348 17 
1.371 22 1.361 14 1.376 21 1.406 12 
1.366 26 1.303 27 1.448 37 1.513 20 
1.418 14 1.516 23 1.442 17 1.356 13 
1.267 37 1.329 11 1.292 14 1.410 14 
1.307 17 1.362 19 1.327 10 1.471 24 
1.500 12 1.458 10 1.456 25 1.386 22 
1.563 11 1.546 15 1.274 11 1.537 16 
1.462 20 1.419 32 1.421 25 1.247 27 
1.514 18 1.469 25 1.302 37 1.350 24 
1.378 40 1.316 12 1.443 20 1.516 11 
1.439 16 1.307 16 1.226 22 1.501 28 
1.466 30 1.359 14 1.442 23 1.548 20 
1.383 22 1.290 25 1.285 31 1.314 0 
1.398 23 1.438 22 1.413 29 1.462 32 
1.333 18 1.483 17 1.389 27 1.471 18 
1.390 14 1.399 30 1.296 35 1.353 15 
1.349 17 1.278 22 1.357 18 1.420 36 
1.453 34 1.534 15 1.418 26 1.401 15 
1.493 17 1.407 17 1.428 17 1.463 16 
1.486 32 1.501 32 1.329 18 1.388 27 
1.219 20 1.337 13 1.277 32 1.385 21 
1.535 17 1.389 27 1.314 10 1.419 14 
1.342 30 1.560 22 1.499 31 1.390 15 
1.293 13 1.591 24 1.552 33 1.458 22 
1.373 40 1.545 25 1.599 25 1.418 0 
1.310 36 1.333 30 1.518 19 1.472 33 
1.462 22 1.347 18 1.569 18 1.427 28 
1.435 13 1.310 21 1.439 13 1.323 9 
1.340 14 1.417 25 1.415 12 1.506 16 
1.457 18 1.435 31 1.187 16 1.395 20 
1.546 19 1.454 23 1.491 24 1.365 26 
1.489 16 1.355 30 1.513 12 1.425 15 
1.232 21 1.452 15 1.523 15 1.416 20 
1.408 18 1.361 13 1.423 11 1.470 22 
1.298 26 1.528 25 1.590 19 1.501 18 
1.479 18 1.493 20 1.532 14 1.366 26 
1.391 31 1.510 29 1.366 22 1.251 18 
1.330 30 1.550 24 1.489 24 1.363 19 
1.418 30 1.349 20 1.487 28 1.365 0 
1.463 16 1.262 12 1.411 32 1.410 24 
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Table D-11 – System strength distribution for SR2awD. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
1.500 18 1.450 12 1.473 20 1.424 14 
1.456 19 1.405 0 1.391 10 1.644 11 
1.157 13 1.309 10 1.488 12 1.590 19 
1.314 13 1.264 29 1.239 0 1.316 11 
1.277 14 1.232 17 1.386 7 1.157 10 
1.247 11 1.385 17 1.292 12 1.424 21 
1.259 33 1.348 10 1.388 24 1.193 12 
1.213 14 1.148 13 1.219 18 1.385 13 
1.419 17 1.289 12 1.348 12 1.192 9 
1.419 14 1.306 21 1.366 34 1.237 14 
1.366 16 1.243 12 1.233 11 1.230 11 
1.366 22 1.297 31 1.336 12 1.357 10 
1.390 13 1.469 12 1.261 10 1.130 16 
1.247 25 1.217 11 1.174 11 1.378 11 
1.299 18 1.355 18 1.131 16 1.320 13 
1.286 11 1.354 11 1.270 13 1.230 11 
1.317 11 1.529 17 1.121 12 1.427 14 
1.326 12 1.325 11 1.329 16 1.234 20 
1.409 14 1.248 13 1.294 34 1.269 13 
1.375 38 1.178 10 1.436 17 1.472 13 
1.227 12 1.151 15 1.158 17 1.377 12 
1.413 23 1.224 17 1.260 13 1.444 14 
1.205 10 1.254 17 1.254 19 1.312 0 
1.339 10 1.322 18 1.409 20 1.418 19 
1.165 15 1.389 13 1.290 15 1.212 14 
1.141 13 1.314 16 1.206 0 1.161 12 
1.335 14 1.238 23 1.172 12 1.417 25 
1.394 23 1.301 8 1.414 22 1.259 14 
1.472 15 1.301 11 1.214 14 1.278 10 
1.481 32 1.490 28 1.235 13 1.378 17 
1.104 12 1.158 13 1.278 33 1.313 9 
1.478 15 1.251 14 1.097 9 1.245 13 
1.343 35 1.429 15 1.440 15 1.235 11 
1.132 10 1.512 12 1.520 22 1.288 12 
1.360 34 1.377 16 1.414 13 1.415 0 
1.289 23 1.332 28 1.350 11 1.456 20 
1.262 11 1.356 15 1.309 11 1.424 30 
1.258 15 1.224 11 1.403 0 1.131 9 
1.264 12 1.357 21 1.185 13 1.484 17 
1.432 20 1.330 13 1.037 11 1.350 15 
1.328 14 1.366 16 1.315 10 1.286 16 
1.303 13 1.345 27 1.258 8 1.263 10 
1.148 17 1.330 10 1.500 15 1.358 13 
1.254 11 1.158 10 1.302 10 1.319 16 
1.239 17 1.397 11 1.408 14 1.361 13 
1.443 18 1.322 13 1.333 11 1.281 14 
1.303 15 1.492 23 1.272 15 1.041 12 
1.328 26 1.404 12 1.405 16 1.242 12 
1.398 20 1.334 21 1.320 9 1.352 35 
1.274 13 1.042 11 1.403 32 1.289 16 
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Table D-12 – System strength distribution for SR2awD2. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
1.465 0 1.438 0 1.479 18 1.436 15 
1.441 15 1.406 40 1.458 16 1.713 0 
1.306 15 1.340 0 1.648 11 1.579 18 
1.327 12 1.273 30 1.236 16 1.337 0 
1.358 14 1.263 23 1.404 22 1.259 13 
1.307 19 1.307 9 1.354 14 1.398 20 
1.255 32 1.330 12 1.399 28 1.237 12 
1.308 11 1.167 0 1.232 0 1.347 10 
1.410 17 1.347 12 1.331 13 1.208 9 
1.452 0 1.338 35 1.384 39 1.216 8 
1.360 21 1.346 17 1.203 12 1.199 12 
1.370 24 1.290 28 1.432 32 1.359 17 
1.351 13 1.443 0 1.254 12 1.184 12 
1.236 25 1.279 11 1.237 11 1.342 15 
1.289 16 1.331 21 1.146 16 1.374 13 
1.286 11 1.394 8 1.376 0 1.225 10 
1.337 11 1.524 16 1.299 10 1.426 14 
1.272 13 1.398 20 1.340 15 1.241 22 
1.453 13 1.329 12 1.239 20 1.269 12 
1.369 39 1.171 8 1.417 14 1.467 13 
1.264 10 1.150 14 1.154 16 1.434 15 
1.435 26 1.248 12 1.370 12 1.491 13 
1.222 11 1.168 11 1.268 0 1.313 0 
1.367 0 1.365 18 1.408 0 1.339 19 
1.215 13 1.337 17 1.287 14 1.240 14 
1.204 10 1.299 0 1.240 0 1.250 15 
1.339 15 1.269 23 1.178 8 1.406 39 
1.445 34 1.438 20 1.416 24 1.285 12 
1.479 22 1.392 18 1.295 13 1.287 13 
1.470 29 1.487 27 1.216 12 1.382 16 
1.155 13 1.185 15 1.266 31 1.259 17 
1.510 17 1.274 11 1.127 10 1.406 9 
1.345 32 1.477 14 1.452 15 1.248 13 
1.143 12 1.483 0 1.543 31 1.386 13 
1.367 33 1.316 15 1.423 20 1.408 0 
1.285 21 1.332 31 1.350 9 1.458 21 
1.318 0 1.347 19 1.326 10 1.418 30 
1.317 13 1.213 18 1.320 14 1.137 8 
1.331 20 1.357 21 1.273 11 1.496 16 
1.392 14 1.300 9 1.127 0 1.348 16 
1.321 13 1.375 24 1.367 0 1.311 17 
1.364 14 1.347 28 1.400 11 1.276 14 
1.184 18 1.387 13 1.506 15 1.332 17 
1.231 10 1.279 16 1.408 20 1.354 16 
1.236 0 1.422 11 1.395 13 1.356 17 
1.472 18 1.320 13 1.305 10 1.270 16 
1.369 25 1.510 29 1.265 16 1.096 14 
1.329 31 1.388 14 1.423 0 1.259 13 
1.411 25 1.356 19 1.353 11 1.358 0 
1.368 24 1.103 10 1.405 33 1.346 19 
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Table D-13 – System strength distribution for SR2b. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
1.433 19 1.535 19 1.437 16 1.327 29 
1.339 13 1.565 19 1.375 23 1.653 19 
1.536 14 1.373 32 1.531 14 1.348 37 
1.559 33 1.407 16 1.210 23 1.475 29 
1.465 31 1.326 13 1.484 27 1.329 14 
1.369 22 1.299 13 1.502 15 1.322 20 
1.297 18 1.485 27 1.353 17 1.626 20 
1.340 20 1.381 22 1.378 26 1.511 15 
1.410 19 1.487 12 1.373 34 1.347 26 
1.453 26 1.440 38 1.371 21 1.477 14 
1.421 18 1.571 20 1.590 38 1.500 27 
1.217 31 1.395 0 1.305 34 1.406 18 
1.455 13 1.306 20 1.428 24 1.423 14 
1.393 25 1.398 11 1.406 21 1.512 27 
1.346 18 1.340 20 1.441 16 1.512 26 
1.804 14 1.370 18 1.401 36 1.427 0 
1.426 27 1.299 12 1.398 26 1.389 30 
1.354 33 1.482 16 1.407 23 1.844 17 
1.449 28 1.415 27 1.474 15 1.349 39 
1.612 31 1.369 24 1.319 12 1.439 17 
1.434 25 1.434 21 1.472 21 1.513 35 
1.478 21 1.369 34 1.497 27 1.430 0 
1.448 26 1.323 20 1.560 24 1.357 14 
1.397 10 1.478 25 1.569 23 1.359 23 
1.482 24 1.442 13 1.587 27 1.351 15 
1.377 24 1.421 13 1.413 20 1.650 19 
1.483 17 1.470 23 1.438 30 1.409 15 
1.400 31 1.366 0 1.357 30 1.474 17 
1.481 14 1.379 26 1.567 27 1.491 21 
1.518 11 1.478 0 1.421 14 1.212 0 
1.534 13 1.382 17 1.423 17 1.356 19 
1.435 17 1.485 13 1.480 15 1.394 17 
1.403 0 1.378 14 1.436 12 1.394 16 
1.340 18 1.512 13 1.425 39 1.388 13 
1.529 18 1.542 21 1.586 18 1.556 24 
1.394 22 1.405 21 1.402 25 1.382 23 
1.422 33 1.489 15 1.495 30 1.433 34 
1.279 14 1.415 27 1.267 30 1.524 0 
1.361 19 1.455 25 1.477 29 1.386 39 
1.620 16 1.560 34 1.554 18 1.437 14 
1.513 19 1.558 15 1.417 14 1.341 24 
1.304 22 1.491 18 1.447 15 1.515 31 
1.469 19 1.378 17 1.555 12 1.386 15 
1.408 14 1.440 19 1.507 14 1.534 17 
1.647 29 1.343 28 1.367 29 1.506 27 
1.262 16 1.322 33 1.442 36 1.618 16 
1.489 33 1.385 39 1.488 17 1.396 19 
1.566 16 1.319 16 1.446 24 1.529 0 
1.576 22 1.436 25 1.390 18 1.355 29 
1.495 35 1.290 14 1.405 15 1.619 16 
 
 
 
 
 
 
 
Appendix D – System Strength Results 
  
 A-93  
 
Table D-14 – System strength distribution for SR2bwD. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
1.314 12 1.313 11 1.313 11 1.233 0 
1.136 13 1.438 11 1.199 10 1.360 10 
1.418 14 1.329 22 1.345 11 1.248 14 
1.547 31 1.256 15 1.064 14 1.357 13 
1.353 13 1.228 10 1.470 26 1.085 12 
1.213 10 1.137 12 1.296 13 1.155 16 
1.114 9 1.324 13 1.271 12 1.385 15 
1.270 13 1.267 11 1.350 18 1.371 10 
1.126 10 1.335 10 1.353 20 1.311 14 
1.427 17 1.380 0 1.178 11 1.319 13 
1.394 14 1.319 11 1.595 31 1.486 18 
1.141 12 1.407 0 1.233 15 1.201 12 
1.275 11 1.156 17 1.305 15 1.183 14 
1.359 18 1.242 9 1.237 13 1.363 12 
1.169 10 1.334 22 1.431 17 1.376 10 
1.666 20 1.184 14 1.396 38 1.222 11 
1.271 12 1.133 16 1.309 11 1.306 18 
1.309 21 1.309 12 1.371 16 1.626 14 
1.444 15 1.307 13 1.350 13 1.322 27 
1.599 29 1.290 12 1.204 12 1.217 14 
1.436 21 1.234 11 1.313 12 1.462 18 
1.392 13 1.357 28 1.346 16 1.312 17 
1.294 10 1.104 11 1.413 13 1.157 13 
1.371 18 1.478 23 1.395 12 1.311 15 
1.370 19 1.307 14 1.560 25 1.241 10 
1.294 12 1.234 12 1.404 23 1.358 10 
1.350 12 1.295 14 1.392 23 1.373 19 
1.301 19 1.368 0 1.277 15 1.281 9 
1.136 12 1.370 25 1.384 16 1.269 10 
1.268 16 1.278 13 1.209 13 1.142 11 
1.409 10 1.387 20 1.396 21 1.277 12 
1.233 13 1.311 12 1.312 14 1.233 10 
1.399 0 1.273 12 1.261 16 1.255 14 
1.218 15 1.375 17 1.216 16 1.298 16 
1.446 15 1.356 12 1.346 10 1.382 10 
1.347 0 1.277 9 1.356 15 1.368 25 
1.295 12 1.457 19 1.361 15 1.406 30 
1.083 13 1.306 13 1.136 14 1.270 10 
1.349 0 1.217 12 1.421 19 1.371 0 
1.543 13 1.472 16 1.428 16 1.236 12 
1.389 11 1.316 10 1.214 11 1.316 21 
1.211 12 1.365 14 1.275 13 1.421 11 
1.346 11 1.257 16 1.390 12 1.289 13 
1.232 8 1.322 12 1.315 13 1.338 13 
1.417 14 1.226 15 1.362 30 1.282 14 
1.187 11 1.296 26 1.297 15 1.404 10 
1.453 19 1.331 19 1.306 11 1.270 11 
1.328 12 1.108 10 1.416 22 1.492 34 
1.395 12 1.331 19 1.191 13 1.364 30 
1.494 36 1.117 17 1.187 14 1.481 16 
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Table D-15 – System strength distribution for SR2bwD2. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
1.300 19 1.425 15 1.400 13 1.296 25 
1.216 15 1.517 16 1.235 15 1.586 13 
1.444 14 1.328 18 1.428 24 1.287 10 
1.542 16 1.317 12 1.149 8 1.466 15 
1.471 14 1.248 12 1.479 15 1.205 12 
1.270 18 1.164 12 1.412 12 1.179 12 
1.202 11 1.429 20 1.322 15 1.389 15 
1.273 12 1.341 19 1.341 17 1.389 13 
1.325 16 1.400 11 1.358 13 1.343 12 
1.369 15 1.440 15 1.338 14 1.472 15 
1.443 13 1.474 17 1.607 16 1.485 17 
1.241 10 1.412 12 1.301 12 1.355 18 
1.342 7 1.284 8 1.348 19 1.255 17 
1.366 13 1.315 14 1.300 12 1.450 14 
1.279 16 1.350 16 1.434 13 1.341 15 
1.642 18 1.303 14 1.407 11 1.290 16 
1.366 10 1.251 18 1.383 19 1.391 12 
1.341 11 1.438 10 1.367 21 1.668 21 
1.441 18 1.420 17 1.451 11 1.324 15 
1.622 10 1.278 16 1.216 13 1.255 18 
1.432 18 1.328 22 1.459 21 1.503 12 
1.446 24 1.375 13 1.476 10 1.435 12 
1.387 12 1.261 13 1.494 21 1.261 12 
1.433 13 1.485 12 1.479 16 1.332 17 
1.371 12 1.367 12 1.558 19 1.341 15 
1.380 24 1.251 15 1.438 13 1.462 20 
1.420 15 1.393 19 1.425 18 1.377 10 
1.292 13 1.373 17 1.321 21 1.421 13 
1.226 15 1.368 11 1.480 15 1.315 20 
1.371 15 1.322 13 1.347 9 1.101 19 
1.399 17 1.376 18 1.379 21 1.373 15 
1.250 14 1.338 15 1.357 19 1.354 14 
1.411 17 1.367 14 1.267 10 1.297 11 
1.253 12 1.396 12 1.288 17 1.287 15 
1.413 19 1.504 18 1.456 15 1.421 19 
1.366 13 1.356 20 1.389 10 1.363 14 
1.410 13 1.512 13 1.430 10 1.392 20 
1.208 0 1.358 15 1.249 16 1.370 11 
1.354 20 1.344 15 1.450 19 1.402 13 
1.624 22 1.531 15 1.427 14 1.367 15 
1.418 12 1.434 18 1.310 15 1.318 23 
1.292 17 1.363 17 1.382 17 1.481 15 
1.407 15 1.343 15 1.416 19 1.324 19 
1.335 17 1.414 12 1.357 17 1.414 20 
1.552 13 1.277 17 1.369 16 1.369 19 
1.252 12 1.305 20 1.348 14 1.534 13 
1.431 12 1.328 17 1.407 15 1.322 15 
1.505 13 1.232 14 1.428 20 1.511 14 
1.455 11 1.436 21 1.295 12 1.360 16 
1.516 13 1.257 23 1.302 19 1.635 14 
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Table D-16 – System strength distribution for SR3. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
2.783 22 2.888 21 2.735 20 2.951 19 
2.761 33 2.836 20 2.624 25 3.059 28 
2.490 29 2.442 23 2.610 17 2.761 21 
2.592 24 2.444 23 2.578 21 2.960 14 
2.916 24 2.807 25 2.786 11 2.344 11 
2.514 24 2.979 29 2.961 40 3.031 33 
2.986 31 2.749 21 2.837 15 2.831 27 
2.832 19 2.940 23 2.605 37 2.674 32 
2.891 22 2.909 19 2.576 23 2.824 39 
2.732 23 2.606 22 2.700 25 3.084 40 
2.708 24 2.683 21 2.944 12 2.722 21 
2.607 19 2.969 11 2.577 19 2.934 17 
2.652 21 2.706 20 2.788 32 2.625 24 
2.598 23 2.698 35 2.807 20 2.718 35 
2.632 39 2.832 20 2.795 22 3.045 17 
3.119 31 2.732 19 2.484 28 3.342 30 
2.779 16 2.764 16 2.516 26 2.838 38 
3.355 21 2.704 19 2.655 18 2.588 12 
2.637 38 2.657 39 2.808 28 2.935 27 
3.296 24 2.941 18 2.857 17 2.958 18 
2.839 22 3.095 24 2.723 20 3.157 13 
2.900 32 2.717 0 2.894 18 2.852 18 
3.017 19 2.924 19 2.728 29 3.020 24 
3.076 13 2.636 20 2.857 23 2.857 0 
2.851 40 3.134 0 2.875 12 2.792 18 
3.068 17 2.868 23 2.716 38 2.948 17 
2.713 26 2.480 16 2.416 26 2.619 38 
2.799 40 2.481 33 2.898 36 2.626 32 
2.636 33 2.594 33 2.767 0 2.538 15 
2.876 37 2.511 24 2.668 22 2.434 24 
2.703 7 2.721 17 2.878 19 3.356 40 
2.723 20 2.702 25 2.755 25 3.001 25 
2.939 30 2.757 19 2.737 32 3.612 20 
2.768 28 2.755 37 2.642 26 2.652 23 
2.606 19 2.938 39 2.516 27 3.007 28 
2.636 26 2.862 21 2.551 19 2.710 21 
2.502 37 2.824 26 2.985 21 3.246 17 
2.758 23 2.706 27 2.595 24 2.690 37 
2.683 25 2.788 32 2.699 19 2.763 15 
3.235 14 2.748 12 2.903 28 2.750 25 
2.781 19 2.691 33 2.663 18 2.722 24 
3.334 34 2.619 16 2.795 28 2.563 22 
3.004 21 2.901 20 2.925 34 2.697 39 
3.002 16 2.893 19 2.653 21 2.746 29 
2.932 19 2.795 0 2.974 37 2.721 27 
2.636 27 2.733 29 2.654 26 2.898 17 
2.884 28 2.789 19 3.023 8 2.898 17 
2.823 31 2.911 25 2.378 25 2.895 14 
2.773 23 2.759 18 2.698 31 2.804 17 
2.757 20 3.069 21 2.719 23 2.629 18 
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Table D-17 – System strength distribution for SR3wD. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
2.773 29 2.891 20 2.727 19 2.946 18 
2.734 18 2.544 12 2.612 18 3.041 25 
2.477 27 2.337 11 2.604 11 2.702 29 
2.578 20 2.444 24 2.565 21 2.911 28 
2.904 27 2.786 25 2.528 10 2.103 13 
2.505 23 2.939 16 2.956 31 3.026 32 
2.778 17 2.749 21 2.803 21 2.827 29 
2.833 20 2.932 28 2.581 30 2.610 10 
2.712 13 2.860 32 2.408 15 2.614 17 
2.734 23 2.431 17 2.691 24 3.062 36 
2.708 24 2.672 21 2.946 18 2.559 15 
2.611 20 2.629 12 2.556 36 2.798 13 
2.647 20 2.689 20 2.688 22 2.620 24 
2.599 23 2.682 31 2.803 21 2.707 35 
2.620 37 2.825 19 2.794 22 2.901 12 
3.082 13 2.731 20 2.478 32 2.657 36 
2.761 39 2.749 20 2.498 34 2.814 36 
2.530 34 2.556 13 2.628 36 2.387 15 
2.653 33 2.647 39 2.755 22 2.778 33 
2.858 17 2.610 12 2.849 18 2.938 17 
2.817 34 2.841 16 2.713 18 3.073 24 
2.801 12 2.588 12 2.889 37 2.817 38 
2.991 39 2.895 35 2.722 28 2.873 11 
3.064 23 2.615 22 2.840 28 2.858 37 
2.849 39 2.899 12 2.781 14 2.790 19 
2.981 25 2.720 13 2.728 18 2.918 18 
2.626 16 2.471 17 2.246 15 2.594 33 
2.772 36 2.446 23 2.877 40 2.536 14 
2.549 17 2.549 25 2.755 40 2.540 17 
2.853 19 2.508 25 2.631 36 2.424 22 
2.694 15 2.377 17 2.747 15 2.470 18 
2.685 19 2.688 24 2.748 29 2.940 18 
2.922 14 2.722 38 2.728 29 3.074 25 
2.718 21 2.750 18 2.643 36 2.642 26 
2.534 14 2.915 35 2.512 28 2.974 19 
2.623 19 2.850 23 2.550 20 2.706 23 
2.456 20 2.822 26 2.965 24 3.237 32 
2.656 35 2.707 23 2.596 24 2.692 16 
2.665 26 2.774 23 2.572 16 2.491 10 
3.050 13 2.718 21 2.904 26 2.737 24 
2.745 31 2.690 29 2.447 10 2.717 22 
3.242 26 2.625 17 2.725 40 2.522 17 
2.799 0 2.896 20 2.858 22 2.702 17 
2.862 17 2.839 38 2.653 0 2.745 30 
2.917 19 2.665 18 2.571 10 2.715 25 
2.633 28 2.653 18 2.655 26 2.777 20 
2.888 16 2.741 33 2.996 7 2.837 38 
2.810 15 2.678 16 2.309 23 2.776 32 
2.767 23 2.704 0 2.612 20 2.768 16 
2.426 12 2.911 15 2.714 22 2.306 20 
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Table D-18 – System strength distribution for SR3a. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
2.704 38 3.051 28 2.672 39 2.886 14 
2.862 21 2.849 25 2.717 38 2.742 27 
2.787 31 2.768 24 2.421 30 3.074 29 
2.649 26 2.580 40 2.781 18 2.721 19 
2.505 24 2.876 19 2.878 40 3.237 34 
2.850 24 2.805 24 2.702 16 2.970 28 
2.504 20 2.817 32 2.833 17 2.683 20 
2.779 23 2.752 22 2.622 15 2.790 36 
2.863 38 3.015 40 2.774 40 2.478 27 
2.655 20 2.859 35 3.045 7 2.453 36 
2.545 20 3.043 26 2.653 29 2.718 25 
2.708 39 2.777 21 3.306 17 2.635 20 
2.672 29 2.789 26 2.691 29 3.218 25 
2.526 22 2.861 20 3.199 32 2.775 25 
2.939 27 3.209 18 2.936 18 2.759 18 
2.808 30 2.912 18 2.822 39 2.737 33 
2.514 36 2.924 22 2.687 30 2.849 39 
2.689 19 3.963 12 2.798 22 3.669 13 
2.715 24 2.548 14 2.659 21 2.621 24 
3.099 16 2.673 24 2.914 22 2.792 35 
2.913 17 2.822 22 2.900 20 2.641 19 
2.872 12 2.572 19 2.997 17 2.939 15 
2.809 37 2.880 20 2.860 27 2.539 21 
2.718 37 2.838 40 2.677 25 2.945 24 
3.321 30 2.866 23 2.813 23 2.599 39 
2.604 21 2.811 22 2.973 20 2.767 21 
2.689 26 2.928 12 2.877 29 2.675 30 
2.947 21 2.812 20 2.504 21 2.791 20 
2.857 20 2.887 17 2.759 27 2.788 21 
2.781 20 2.662 32 2.961 19 3.362 16 
2.608 31 2.837 22 2.647 37 3.191 30 
2.853 16 3.394 16 2.689 35 2.844 19 
2.661 0 2.624 26 2.948 14 2.825 15 
3.006 32 2.771 10 2.764 21 2.993 23 
2.658 22 2.825 9 3.013 26 2.953 22 
3.076 11 2.830 27 2.890 16 2.743 24 
2.695 39 2.712 0 3.065 12 2.708 22 
2.684 26 2.530 24 2.821 23 2.772 0 
2.493 26 2.760 13 2.707 24 2.770 20 
2.959 28 2.893 26 3.032 37 3.168 30 
3.115 39 2.854 25 2.712 25 2.691 28 
2.834 29 2.786 13 3.002 21 2.750 9 
2.961 22 2.680 39 2.875 13 2.899 35 
2.624 24 2.739 23 2.701 30 2.752 33 
2.629 24 2.967 40 2.945 23 2.715 23 
2.699 15 2.831 21 2.678 35 2.885 16 
2.698 21 2.591 28 2.858 27 2.737 22 
2.816 39 2.666 22 2.536 25 3.188 19 
2.697 32 2.783 31 2.699 21 2.790 24 
2.721 18 2.822 0 2.948 24 2.833 20 
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Table D-19 – System strength distribution for SR3awD. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
2.695 34 3.052 23 2.651 36 2.884 14 
2.853 0 2.830 23 2.670 23 2.411 10 
2.779 15 2.765 24 2.336 23 2.957 0 
2.638 24 2.568 35 2.747 31 2.727 30 
2.303 16 2.753 28 2.719 0 2.970 11 
2.708 19 2.782 11 2.702 17 2.939 25 
2.493 38 2.815 27 2.843 20 2.676 10 
2.776 23 2.739 25 2.602 20 2.733 25 
2.853 37 2.948 26 2.623 17 2.467 25 
2.641 20 2.842 22 2.730 12 2.430 31 
2.523 40 2.985 21 2.588 17 2.717 37 
2.700 37 2.643 32 3.218 29 2.567 24 
2.677 28 2.709 19 2.587 26 3.173 22 
2.511 36 2.841 18 3.136 24 2.778 22 
2.933 30 2.791 18 2.686 13 2.763 20 
2.790 18 2.880 35 2.774 24 2.738 15 
2.446 22 2.907 21 2.678 25 2.795 31 
2.653 30 3.742 15 2.787 24 2.805 36 
2.712 26 2.257 14 2.656 19 2.622 31 
2.914 15 2.668 24 2.801 0 2.795 15 
2.880 35 2.811 27 2.876 20 2.643 21 
2.856 29 2.560 38 2.918 30 2.686 13 
2.854 17 2.875 20 2.852 0 2.522 19 
2.690 35 2.734 18 2.623 30 2.930 23 
3.214 13 2.878 20 2.803 19 2.596 37 
2.543 21 2.511 0 2.966 24 2.757 25 
2.678 30 2.642 12 2.860 30 2.597 15 
2.837 21 2.794 22 2.498 20 2.728 26 
2.775 30 2.845 29 2.751 22 2.782 23 
2.780 20 2.641 27 2.681 14 3.090 9 
2.598 0 2.824 24 2.642 34 3.187 29 
2.747 14 2.591 31 2.598 22 2.812 19 
2.660 18 2.546 16 2.879 21 2.817 9 
3.002 29 2.733 18 2.761 22 2.943 38 
2.651 26 2.771 28 2.948 25 2.848 0 
2.736 8 2.822 24 2.834 26 2.688 23 
2.640 31 2.718 25 2.684 26 2.716 22 
2.677 21 2.535 24 2.814 29 2.755 40 
2.489 24 2.494 13 2.697 18 2.511 10 
2.931 28 2.581 11 2.953 18 3.094 19 
3.008 19 2.853 26 2.716 38 2.647 25 
2.832 28 2.768 16 2.982 20 2.737 21 
2.942 20 2.589 15 2.743 11 2.832 23 
2.619 24 2.729 22 2.689 28 2.742 30 
2.389 13 2.950 21 2.932 22 2.704 22 
2.539 8 2.782 37 2.628 14 2.588 13 
2.683 18 2.425 14 2.857 28 2.720 18 
2.804 17 2.632 40 2.518 24 2.710 12 
2.609 8 2.738 25 2.696 20 2.780 23 
2.644 27 2.860 25 2.940 19 2.773 34 
 
 
 
 
 
 
 
Appendix D – System Strength Results 
  
 A-99  
 
Table D-20 – System strength distribution for SR3b. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
2.751 18 2.934 14 2.872 15 2.951 0 
2.911 16 2.840 15 2.840 23 2.778 23 
3.249 20 2.796 18 2.818 33 2.921 16 
2.706 20 2.824 21 3.009 21 3.088 17 
2.758 24 2.709 17 2.869 28 2.728 15 
2.858 21 2.595 35 2.778 15 2.904 22 
2.621 16 2.864 17 2.937 19 2.912 17 
2.825 15 2.816 23 3.049 12 3.080 13 
2.768 20 2.921 10 2.804 19 2.799 17 
2.924 11 2.655 20 2.478 15 2.821 35 
2.928 19 3.132 23 2.654 20 2.793 14 
2.907 23 2.832 22 2.835 30 2.621 18 
2.906 31 2.708 10 2.739 8 2.760 20 
2.852 26 2.741 15 2.591 0 2.783 16 
2.999 19 2.855 20 2.678 16 3.134 18 
2.938 17 2.815 28 2.780 16 2.581 22 
2.830 14 2.779 20 2.679 10 2.867 18 
2.943 21 2.841 21 2.682 20 3.086 24 
2.579 14 2.955 22 2.833 14 2.865 24 
3.096 17 2.793 20 2.769 24 2.940 18 
3.221 15 2.558 27 2.744 26 2.732 10 
3.011 18 2.721 18 2.454 15 2.709 40 
2.874 38 2.865 24 2.938 26 2.636 31 
2.912 18 2.858 15 2.871 20 2.753 15 
2.723 10 2.928 17 2.911 25 2.880 16 
3.136 20 2.887 27 3.092 11 2.824 26 
2.767 26 2.968 16 2.768 18 2.714 12 
2.739 18 2.739 26 3.049 20 3.154 17 
2.678 16 2.761 11 2.903 17 2.819 20 
2.883 20 3.248 12 3.089 26 2.487 13 
2.777 15 2.746 14 2.913 13 2.731 21 
3.000 23 2.825 17 2.763 27 2.900 14 
2.564 24 2.829 16 2.592 16 3.006 28 
3.087 23 2.749 13 2.779 23 2.639 19 
2.958 14 2.794 19 2.725 15 3.126 23 
2.783 22 2.718 18 2.714 21 2.757 28 
2.572 11 2.893 15 2.894 22 2.760 23 
2.875 16 2.821 29 2.879 18 2.642 22 
2.609 19 2.827 17 2.516 37 2.823 25 
2.826 11 3.039 25 2.703 23 2.786 31 
3.139 25 2.736 25 2.656 8 3.083 37 
3.034 17 3.095 21 2.999 18 2.759 17 
2.847 12 2.705 17 2.979 12 2.715 30 
2.628 27 2.655 18 2.825 21 2.807 28 
2.881 25 2.857 34 2.855 0 2.904 19 
2.656 19 2.821 27 2.703 11 2.975 29 
3.142 24 2.786 10 2.995 40 3.345 16 
2.610 16 2.901 12 2.904 22 2.968 15 
2.814 22 3.000 17 2.834 14 2.788 18 
2.933 20 2.692 18 2.739 21 2.743 25 
 
 
 
 
 
 
 
Appendix D – System Strength Results 
  
 A-100  
 
Table D-21 – System strength distribution for SR3bwD. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
2.729 17 2.611 14 2.833 15 2.567 13 
2.794 29 2.826 15 2.808 20 2.739 22 
3.230 32 2.793 21 2.807 17 2.914 16 
2.636 14 2.808 20 2.918 16 3.045 13 
2.751 21 2.701 16 2.869 15 2.556 11 
2.605 9 2.746 13 2.676 16 2.861 18 
2.427 10 2.789 16 2.919 20 2.876 15 
2.767 17 2.776 21 3.026 14 3.041 8 
2.754 20 2.821 13 2.712 10 2.767 16 
2.894 11 2.653 20 2.249 12 2.769 12 
2.900 19 2.890 7 2.655 19 2.575 13 
2.878 22 2.817 22 2.831 26 2.474 14 
2.838 10 2.351 13 2.652 12 2.665 11 
2.840 25 2.746 13 2.577 23 2.585 31 
2.989 16 2.833 25 2.626 17 3.101 17 
2.898 16 2.801 19 2.614 12 2.352 11 
2.795 12 2.761 15 2.455 11 2.689 8 
2.815 18 2.826 21 2.674 31 3.089 24 
2.589 9 2.916 22 2.808 16 2.732 37 
3.069 16 2.786 20 2.773 23 2.922 33 
2.664 28 2.555 26 2.668 0 2.507 12 
2.935 12 2.628 0 2.372 11 2.711 26 
2.860 15 2.863 25 2.944 32 2.658 29 
2.915 19 2.775 12 2.858 19 2.553 8 
2.721 14 2.859 25 2.903 25 2.613 13 
2.919 13 2.902 28 2.739 13 2.806 23 
2.748 20 2.724 10 2.754 19 2.387 10 
2.584 12 2.744 27 2.954 11 3.116 17 
2.543 0 2.579 10 2.785 11 2.803 20 
2.864 18 3.234 40 3.058 22 2.396 10 
2.698 12 2.639 12 2.755 16 2.723 19 
2.969 21 2.634 12 2.742 25 2.710 11 
2.559 23 2.775 13 2.582 16 2.977 20 
3.066 17 2.576 9 2.765 21 2.640 20 
2.930 13 2.702 22 2.719 14 3.041 9 
2.746 21 2.701 17 2.722 18 2.751 27 
2.414 11 2.896 22 2.862 30 2.741 23 
2.864 17 2.820 29 2.875 27 2.582 18 
2.289 11 2.774 18 2.462 13 2.815 28 
2.556 8 3.024 35 2.705 24 2.782 20 
3.138 15 2.666 0 2.273 9 3.001 17 
2.990 10 3.086 21 2.968 15 2.740 16 
2.803 10 2.515 14 2.583 14 2.709 30 
2.621 26 2.535 11 2.823 20 2.799 30 
2.875 23 2.845 22 2.853 32 2.888 19 
2.656 19 2.801 28 2.697 11 2.959 30 
3.154 23 2.624 10 2.913 0 3.261 10 
2.457 36 2.721 21 2.902 17 2.906 27 
2.809 23 2.679 10 2.683 11 2.791 19 
2.743 12 2.598 24 2.731 22 2.738 23 
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Table D-22 – System strength distribution for SR4. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
1.571 12 1.790 14 1.665 11 1.606 10 
1.545 12 1.411 7 1.492 11 1.781 14 
1.525 14 1.324 11 1.489 10 1.449 14 
1.536 11 1.538 13 1.510 13 1.525 11 
1.573 13 1.665 8 1.396 12 1.136 11 
1.442 13 1.538 11 1.665 15 1.553 12 
1.547 12 1.566 11 1.521 16 1.663 12 
1.657 9 1.797 15 1.327 12 1.297 14 
1.469 19 1.599 9 1.311 9 1.502 17 
1.636 10 1.281 13 1.699 13 1.558 9 
1.639 16 1.638 12 1.649 11 1.361 11 
1.456 10 1.351 18 1.512 11 1.448 9 
1.577 8 1.495 12 1.426 8 1.554 11 
1.682 12 1.409 14 1.562 13 1.453 17 
1.534 12 1.645 13 1.669 12 1.538 12 
1.664 11 1.603 10 1.417 11 1.628 14 
1.536 10 1.490 12 1.302 9 1.628 22 
1.545 21 1.427 19 1.406 14 1.275 10 
1.445 13 1.526 12 1.397 13 1.447 11 
1.589 14 1.410 13 1.535 15 1.713 6 
1.505 14 1.531 14 1.647 13 1.706 9 
1.572 12 1.315 14 1.664 12 1.584 11 
1.616 9 1.579 14 1.610 14 1.517 15 
1.517 10 1.447 14 1.645 13 1.582 17 
1.620 11 1.566 25 1.499 11 1.672 11 
1.642 21 1.507 13 1.872 9 1.605 9 
1.336 16 1.354 14 1.248 14 1.435 9 
1.591 14 1.287 14 1.599 11 1.328 9 
1.395 9 1.378 11 1.541 13 1.611 9 
1.473 14 1.438 10 1.514 16 1.395 18 
1.765 11 1.272 12 1.294 10 1.712 17 
1.361 14 1.699 8 1.592 16 1.560 14 
1.553 16 1.485 10 1.525 13 1.839 13 
1.421 10 1.445 11 1.540 12 1.565 13 
1.464 11 1.571 19 1.562 11 1.600 19 
1.530 11 1.603 13 1.529 9 1.647 9 
1.394 14 1.804 13 1.645 12 1.820 19 
1.503 9 1.497 10 1.511 12 1.734 16 
1.484 11 1.565 11 1.435 11 1.297 11 
1.575 8 1.558 21 1.865 16 1.620 13 
1.453 9 1.694 17 1.245 12 1.615 13 
1.719 17 1.528 9 1.491 14 1.397 16 
1.513 23 1.658 12 1.572 11 1.398 12 
1.479 14 1.516 10 1.653 16 1.627 9 
1.680 8 1.683 12 1.526 14 1.523 9 
1.549 11 1.467 13 1.488 11 1.615 0 
1.664 11 1.467 9 1.750 13 1.566 16 
1.577 13 1.385 17 1.229 12 1.501 11 
1.817 15 1.419 9 1.412 13 1.477 13 
1.301 12 1.607 16 1.642 12 1.294 8 
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Table D-23 – System strength distribution for SR4wD. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
1.411 11 1.628 13 1.475 17 1.423 14 
1.275 12 1.156 8 1.280 10 1.500 10 
1.341 18 1.116 17 1.290 11 1.240 11 
1.303 11 1.380 12 1.285 10 1.324 12 
1.490 12 1.501 11 1.231 7 0.983 10 
1.263 12 1.275 10 1.386 11 1.391 9 
1.310 13 1.443 7 1.297 8 1.470 9 
1.425 10 1.496 16 1.259 10 1.112 10 
1.239 10 1.385 15 1.098 12 1.300 11 
1.446 16 1.127 13 1.629 10 1.344 13 
1.466 13 1.561 14 1.390 11 1.202 12 
1.258 16 1.196 10 1.288 12 1.314 8 
1.336 12 1.272 14 1.368 13 1.336 9 
1.425 8 1.279 12 1.383 11 1.247 11 
1.269 14 1.433 6 1.498 11 1.300 12 
1.407 12 1.419 10 1.251 12 1.412 28 
1.308 11 1.358 12 1.228 12 1.420 6 
1.351 20 1.177 11 1.251 12 1.097 9 
1.234 10 1.256 8 1.247 13 1.235 12 
1.325 12 1.132 12 1.485 10 1.410 15 
1.286 13 1.350 9 1.409 12 1.396 11 
1.359 12 1.144 11 1.388 13 1.428 11 
1.564 12 1.375 14 1.435 16 1.337 15 
1.317 9 1.185 10 1.389 0 1.392 13 
1.414 10 1.331 22 1.292 12 1.352 10 
1.386 11 1.272 9 1.506 12 1.398 14 
1.202 12 1.204 11 1.108 8 1.226 10 
1.404 10 1.095 13 1.406 9 1.204 9 
1.175 10 1.225 10 1.309 14 1.382 12 
1.362 11 1.258 13 1.220 14 1.234 11 
1.610 31 1.144 7 1.135 9 1.363 23 
1.182 14 1.462 10 1.358 10 1.430 13 
1.320 11 1.307 12 1.328 12 1.677 11 
1.228 12 1.319 14 1.310 14 1.355 15 
1.231 9 1.257 12 1.302 10 1.268 8 
1.309 11 1.363 14 1.384 13 1.410 12 
1.125 13 1.517 9 1.375 12 1.525 12 
1.341 11 1.318 12 1.321 12 1.422 13 
1.351 10 1.402 11 1.228 10 1.172 8 
1.402 12 1.276 8 1.587 8 1.412 11 
1.285 11 1.488 15 1.143 8 1.431 11 
1.480 12 1.370 12 1.222 9 1.248 9 
1.287 11 1.541 12 1.310 11 1.280 9 
1.297 12 1.300 13 1.404 17 1.437 11 
1.479 13 1.408 12 1.261 12 1.330 12 
1.431 7 1.228 8 1.358 12 1.422 11 
1.425 10 1.299 10 1.491 10 1.379 14 
1.286 11 1.265 12 1.084 18 1.292 13 
1.463 17 1.275 14 1.250 12 1.316 9 
1.162 10 1.302 11 1.507 12 1.063 11 
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Table D-24 – System strength distribution for SR4a. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
1.429 12 1.658 13 1.521 21 1.609 11 
1.509 12 1.513 11 1.442 11 1.283 12 
1.688 9 1.590 12 1.349 12 1.558 8 
1.670 8 1.323 14 1.464 11 1.439 10 
1.223 19 1.507 9 1.581 14 1.700 10 
1.484 11 1.729 10 1.602 12 1.570 6 
1.418 12 1.670 17 1.634 18 1.410 12 
1.674 10 1.546 13 1.510 11 1.474 14 
1.569 11 1.591 16 1.394 11 1.474 12 
1.453 13 1.536 11 1.465 12 1.278 10 
1.421 11 1.639 15 1.375 8 1.680 12 
1.430 11 1.429 13 1.869 12 1.362 16 
1.678 13 1.464 9 1.405 12 1.780 16 
1.401 14 1.503 8 1.551 11 1.552 11 
1.646 11 1.702 21 1.420 14 1.498 13 
1.413 18 1.563 11 1.464 11 1.773 14 
1.352 12 1.700 8 1.541 9 1.440 9 
1.451 9 1.964 15 1.706 18 1.681 14 
1.737 14 1.249 14 1.548 10 1.571 12 
1.380 11 1.690 13 1.499 18 1.622 16 
1.608 18 1.639 12 1.584 10 1.565 11 
1.544 14 1.491 14 1.528 12 1.595 14 
1.492 9 1.529 13 1.794 11 1.457 9 
1.418 14 1.501 11 1.467 12 1.665 12 
1.729 11 1.608 12 1.758 8 1.432 11 
1.390 10 1.373 10 1.614 13 1.627 12 
1.488 11 1.401 15 1.627 13 1.407 12 
1.486 9 1.586 13 1.609 14 1.497 10 
1.522 12 1.525 12 1.634 10 1.613 15 
1.486 12 1.392 14 1.440 10 1.633 11 
1.542 11 1.585 13 1.620 11 1.805 10 
1.435 11 1.483 20 1.407 10 1.590 11 
1.615 16 1.347 13 1.591 9 1.686 12 
1.727 14 1.291 6 1.672 10 1.654 15 
1.557 13 1.403 12 1.624 25 1.457 10 
1.537 8 1.623 13 1.529 8 1.375 11 
1.474 12 1.489 11 1.513 12 1.586 13 
1.666 13 1.683 17 1.550 14 1.500 9 
1.463 11 1.347 12 1.658 13 1.384 8 
1.738 13 1.473 12 1.505 12 1.652 12 
1.554 12 1.654 9 1.617 10 1.399 10 
1.859 11 1.532 10 1.696 12 1.521 12 
1.601 9 1.356 39 1.525 14 1.398 16 
1.552 12 1.665 12 1.645 9 1.576 15 
1.224 9 1.646 12 1.632 13 1.489 11 
1.293 12 1.485 10 1.456 10 1.355 8 
1.518 11 1.267 10 1.593 18 1.643 16 
1.558 9 1.530 12 1.550 10 1.438 15 
1.433 8 1.543 13 1.585 15 1.503 10 
1.472 11 1.546 11 1.620 11 1.524 10 
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Table D-25 – System strength distribution for SR4awD. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
1.290 10 1.428 10 1.307 9 1.337 8 
1.313 13 1.418 13 1.222 9 1.078 9 
1.370 10 1.423 9 1.137 16 1.346 12 
1.444 8 1.179 11 1.232 9 1.214 10 
1.072 11 1.406 8 1.348 11 1.371 12 
1.314 11 1.555 11 1.321 12 1.291 9 
1.199 12 1.369 12 1.370 11 1.344 11 
1.441 7 1.290 11 1.252 9 1.263 8 
1.348 9 1.441 9 1.252 10 1.324 11 
1.302 9 1.382 12 1.266 13 1.090 14 
1.268 13 1.402 15 1.229 10 1.502 11 
1.230 9 1.148 11 1.581 10 1.175 14 
1.499 11 1.208 12 1.207 10 1.471 12 
1.201 11 1.307 8 1.383 13 1.328 11 
1.469 10 1.388 10 1.275 8 1.329 11 
1.314 12 1.321 10 1.306 11 1.509 13 
1.147 9 1.385 9 1.329 9 1.255 10 
1.238 13 1.703 12 1.477 11 1.542 13 
1.616 12 1.001 11 1.380 12 1.406 15 
1.266 10 1.556 13 1.310 11 1.311 11 
1.366 11 1.417 10 1.406 12 1.257 7 
1.364 12 1.275 15 1.303 10 1.262 10 
1.323 12 1.329 11 1.498 11 1.225 9 
1.301 12 1.335 15 1.216 10 1.369 14 
1.490 9 1.385 9 1.418 17 1.244 7 
1.255 11 1.196 13 1.445 9 1.368 9 
1.322 12 1.204 12 1.351 11 1.206 11 
1.379 8 1.313 13 1.388 21 1.281 8 
1.273 9 1.310 16 1.346 11 1.420 17 
1.276 12 1.218 9 1.255 12 1.559 12 
1.450 15 1.400 12 1.508 9 1.556 12 
1.225 10 1.381 25 1.285 8 1.384 11 
1.548 16 1.098 10 1.381 10 1.456 9 
1.461 9 1.206 11 1.453 14 1.549 14 
1.412 8 1.225 11 1.354 9 1.251 12 
1.318 11 1.389 9 1.347 10 1.221 10 
1.246 12 1.283 11 1.262 14 1.351 8 
1.470 12 1.529 10 1.307 8 1.316 14 
1.397 14 1.140 15 1.390 7 1.184 12 
1.438 10 1.268 14 1.423 16 1.353 13 
1.420 7 1.518 12 1.299 8 1.182 9 
1.559 11 1.369 11 1.459 12 1.279 11 
1.421 13 1.146 10 1.231 11 1.305 11 
1.346 16 1.354 9 1.432 14 1.434 10 
1.070 13 1.431 9 1.366 12 1.282 8 
1.110 9 1.326 10 1.231 9 1.160 13 
1.329 11 1.125 11 1.321 16 1.330 9 
1.338 12 1.252 7 1.308 10 1.210 14 
1.278 11 1.266 12 1.332 11 1.422 12 
1.263 12 1.347 11 1.388 12 1.340 9 
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Table D-26 – System strength distribution for SR4b. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
1.385 9 1.693 12 1.696 13 1.690 12 
1.643 14 1.427 16 1.439 10 1.528 12 
1.401 14 1.705 11 1.596 15 1.626 13 
1.744 10 1.481 9 1.505 11 1.666 9 
1.357 14 1.337 14 1.441 8 1.737 9 
1.550 16 1.612 17 1.480 13 1.620 18 
1.550 16 1.309 12 1.643 16 1.576 13 
1.529 11 1.644 17 1.434 14 1.343 22 
1.393 13 1.540 13 1.728 6 1.496 18 
1.416 11 1.429 13 1.321 11 1.728 8 
1.531 14 1.288 11 1.574 10 1.282 12 
1.712 11 1.398 9 1.729 17 1.373 9 
1.825 14 1.434 12 1.345 10 1.571 10 
1.524 14 1.458 9 1.523 10 1.578 14 
1.299 16 1.426 12 1.644 16 1.724 7 
1.518 10 1.683 11 1.306 13 1.478 9 
1.363 13 1.552 13 1.433 7 1.593 11 
1.730 12 1.516 10 1.716 13 1.405 14 
1.535 20 1.916 12 1.811 10 1.619 13 
1.546 9 1.534 10 1.484 10 1.818 12 
1.525 14 1.582 12 1.283 13 1.494 14 
1.590 14 1.543 11 1.560 14 1.658 13 
1.478 10 1.580 0 1.596 14 1.547 9 
1.687 15 1.673 12 1.513 27 1.452 10 
1.625 11 1.607 12 1.726 14 1.786 12 
1.682 11 1.683 14 1.944 16 1.643 16 
1.682 11 1.517 13 1.684 12 1.454 9 
1.814 8 1.751 10 1.560 14 1.767 12 
1.665 12 1.451 10 1.164 18 1.427 12 
1.599 14 1.680 14 1.793 14 1.584 11 
1.267 11 1.503 11 1.436 12 1.454 0 
1.479 10 1.360 14 1.440 14 1.539 12 
1.502 10 1.767 14 1.574 21 1.591 12 
1.421 12 1.493 14 1.551 12 1.534 10 
1.589 11 1.754 15 1.614 11 1.577 11 
1.453 11 1.469 13 1.594 8 1.589 17 
1.811 13 1.742 11 1.703 17 1.544 16 
1.506 10 1.792 11 1.552 15 1.559 17 
1.623 29 1.421 13 1.536 15 1.544 10 
1.515 14 1.448 15 1.457 14 1.415 11 
1.390 21 1.818 13 1.669 9 1.376 12 
1.625 13 1.389 0 1.313 10 1.724 15 
1.754 7 1.435 10 1.553 6 1.549 11 
1.667 20 1.602 12 1.551 11 1.365 10 
1.514 15 1.567 12 1.461 14 1.421 13 
1.490 12 1.624 17 1.585 13 1.447 18 
1.403 9 1.697 11 1.471 13 1.461 14 
1.429 10 1.647 0 1.391 12 1.541 13 
1.638 13 1.536 13 1.629 9 1.449 11 
1.355 10 1.524 12 1.639 13 1.544 13 
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Table D-27 – System strength distribution for SR4bwD. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
1.182 9 1.464 13 1.207 9 1.412 11 
1.391 12 1.143 14 1.503 16 1.295 13 
1.176 11 1.405 13 1.180 12 1.390 13 
1.422 10 1.371 12 1.391 11 1.459 12 
1.210 12 1.161 9 1.388 9 1.334 12 
1.383 11 1.382 11 1.161 9 1.462 12 
1.518 28 1.153 11 1.389 8 1.380 11 
1.302 12 1.387 11 1.546 9 1.151 12 
1.200 9 1.321 14 1.564 8 1.251 8 
1.216 9 1.258 14 1.429 12 1.485 8 
1.377 13 1.160 7 1.089 12 1.096 11 
1.369 19 1.206 8 1.287 10 1.218 11 
1.570 8 1.300 13 1.406 16 1.339 10 
1.236 10 1.256 12 1.333 11 1.339 12 
1.083 11 1.327 10 1.528 12 1.454 9 
1.340 11 1.420 8 1.628 13 1.275 11 
1.182 9 1.283 13 1.439 8 1.406 13 
1.478 7 1.249 8 1.338 8 1.140 13 
1.354 13 1.501 8 1.045 11 1.333 10 
1.321 10 1.252 11 1.524 7 1.521 13 
1.338 10 1.358 12 1.339 12 1.246 8 
1.246 10 1.269 10 1.222 10 1.486 11 
1.352 7 1.346 12 1.313 12 1.392 11 
1.586 13 1.370 11 1.344 12 1.282 12 
1.295 12 1.305 12 1.335 11 1.438 9 
1.439 15 1.452 10 1.373 10 1.417 12 
1.282 14 1.373 12 1.404 12 1.236 9 
1.465 12 1.507 15 1.292 11 1.492 9 
1.484 11 1.197 13 1.275 11 1.194 9 
1.395 12 1.460 9 1.258 8 1.379 9 
1.103 18 1.372 12 1.406 8 1.269 10 
1.243 10 1.230 11 1.178 8 1.400 9 
1.242 13 1.537 18 1.288 17 1.437 9 
1.226 10 1.396 12 1.340 9 1.289 11 
1.287 16 1.515 9 1.283 11 1.209 14 
1.327 11 1.274 14 1.400 12 1.362 12 
1.477 12 1.459 11 1.281 10 1.280 9 
1.285 17 1.524 12 1.157 11 1.246 7 
1.564 12 1.310 16 1.385 15 1.365 10 
1.318 15 1.235 12 1.531 8 1.220 11 
1.259 11 1.512 12 1.207 9 1.208 9 
1.392 8 1.215 9 1.503 16 1.523 12 
1.503 8 1.190 9 1.180 12 1.431 13 
1.544 13 1.397 13 1.391 11 1.197 11 
1.247 15 1.358 11 1.388 9 1.236 9 
1.326 13 1.335 8 1.161 9 1.256 15 
1.121 13 1.440 10 1.389 8 1.233 8 
1.196 14 1.434 12 1.546 9 1.346 12 
1.335 12 1.276 13 1.564 8 1.292 9 
1.216 9 1.250 13 1.429 12 1.273 18 
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Table D-28 – System strength distribution for SR5. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
3.531 24 3.017 11 3.017 13 3.194 11 
2.735 7 3.062 13 3.185 11 3.186 23 
3.254 29 3.222 14 2.710 13 3.145 10 
3.423 10 2.719 10 3.321 14 3.418 15 
2.942 19 3.235 15 2.978 15 3.119 11 
3.502 17 2.999 14 3.354 16 2.962 18 
3.175 12 2.803 11 3.200 13 3.273 11 
2.857 15 2.545 14 2.928 0 3.378 11 
3.182 11 3.465 12 3.540 15 3.223 16 
3.322 10 3.233 15 3.536 14 3.256 12 
2.838 14 3.439 10 2.764 10 3.383 13 
3.558 13 3.277 16 3.132 15 3.456 9 
2.942 11 3.078 16 3.218 0 3.337 14 
3.085 13 3.889 11 3.012 21 3.441 12 
3.376 12 3.080 16 3.229 10 2.952 10 
2.972 12 3.169 11 3.301 23 3.249 14 
3.680 26 3.437 19 2.964 23 3.205 10 
3.504 0 2.845 16 2.762 27 3.477 13 
3.125 14 3.246 12 3.344 12 3.203 22 
3.270 21 3.739 10 3.521 13 3.379 15 
3.433 19 3.220 13 3.546 28 3.479 13 
3.207 9 3.460 10 3.613 30 3.256 16 
3.535 17 3.577 14 3.684 11 3.205 16 
3.561 13 3.476 17 2.923 19 3.422 17 
2.877 12 3.289 10 3.754 12 3.083 14 
3.707 30 3.172 13 3.306 21 2.921 12 
3.140 12 3.378 14 2.987 14 2.932 9 
3.210 8 3.801 37 3.485 16 3.686 11 
3.415 16 3.235 13 3.120 12 3.863 14 
3.268 17 3.029 31 2.943 11 2.741 12 
3.207 16 3.055 12 3.189 31 3.442 13 
2.943 9 3.245 10 3.105 18 3.166 15 
3.274 17 2.901 12 3.595 10 3.583 17 
3.175 39 3.042 9 3.403 21 3.236 13 
2.704 10 3.160 32 3.379 11 2.904 11 
3.404 20 3.034 11 3.363 11 3.394 14 
3.469 18 3.121 13 3.305 23 3.399 15 
3.722 14 3.379 24 3.577 12 3.573 11 
3.068 11 3.231 14 2.862 13 3.089 14 
3.025 13 3.626 10 3.561 25 3.233 12 
3.526 0 2.922 0 3.202 17 3.192 13 
3.053 11 3.117 15 3.550 14 3.544 10 
3.252 31 3.147 0 2.699 13 3.167 8 
3.411 11 3.212 14 3.278 14 3.357 15 
3.142 11 3.222 14 3.187 29 3.246 11 
3.450 0 3.066 13 2.938 11 3.123 13 
3.082 10 3.219 10 3.688 21 3.089 19 
3.218 12 3.531 10 3.135 11 3.026 13 
3.026 15 3.130 13 3.000 16 3.076 21 
2.896 13 3.337 16 3.817 13 3.492 16 
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Table D-29 – System strength distribution for SR5wD. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
3.189 11 2.836 8 2.600 9 2.732 13 
2.453 0 2.752 15 2.895 12 2.780 11 
2.899 12 2.979 14 2.373 10 2.838 11 
2.962 13 2.375 11 3.130 13 2.814 8 
2.652 16 2.824 13 2.585 11 2.829 12 
3.071 16 2.478 15 2.957 13 2.587 10 
2.647 13 2.368 12 2.861 10 2.919 8 
2.612 12 2.202 13 2.499 17 3.065 12 
2.721 13 3.116 12 3.087 11 2.913 18 
2.923 17 2.942 32 3.176 9 3.024 12 
2.375 11 2.964 10 2.498 9 2.966 11 
3.210 8 2.888 11 2.699 12 2.867 9 
2.596 12 3.086 14 2.675 18 3.026 10 
2.724 9 3.421 11 2.794 9 2.990 12 
3.192 8 2.689 13 2.845 12 2.611 12 
2.622 10 2.898 0 3.236 22 2.881 10 
3.250 14 3.074 14 2.730 14 2.752 12 
3.068 14 2.622 22 2.483 12 3.152 40 
2.880 12 2.886 11 3.332 10 2.753 13 
2.883 15 3.276 14 2.969 15 3.109 11 
3.281 18 3.072 12 3.076 13 3.182 13 
2.788 9 3.305 9 3.249 12 3.035 11 
3.025 9 3.063 10 3.181 13 2.906 17 
3.100 16 2.940 11 2.696 9 2.884 10 
2.670 14 2.890 16 3.329 16 2.858 14 
2.785 7 3.323 13 3.054 9 2.661 13 
2.756 9 3.033 10 2.576 11 2.669 15 
3.002 13 3.360 19 2.926 8 3.665 36 
3.059 16 2.692 15 2.806 9 3.720 15 
2.846 12 2.625 10 2.590 13 2.504 14 
2.774 11 2.693 12 2.847 10 3.034 11 
2.821 11 3.023 12 3.005 12 2.671 13 
2.931 17 2.516 12 3.252 0 3.140 11 
3.081 14 2.573 11 2.944 8 2.831 12 
2.440 10 2.916 11 2.842 10 2.941 11 
2.942 11 2.724 13 2.795 16 3.219 9 
3.097 19 2.735 10 3.150 19 2.917 11 
3.143 0 3.032 9 3.163 13 2.975 20 
2.807 13 2.894 9 2.526 12 2.794 16 
2.731 16 3.174 11 3.179 10 2.796 17 
3.014 9 2.556 11 2.962 9 2.793 8 
2.618 12 3.123 33 3.033 11 3.488 18 
3.169 14 2.898 12 2.452 10 2.750 15 
3.085 11 2.938 16 3.056 13 2.820 8 
2.742 12 3.067 9 2.991 13 2.959 14 
3.216 13 2.879 11 2.651 14 2.918 11 
2.677 13 2.951 13 3.253 11 2.701 15 
2.867 10 3.026 10 2.750 16 2.725 18 
2.859 9 2.827 8 2.560 15 2.595 13 
2.598 13 3.075 14 3.468 10 3.067 13 
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Table D-30 – System strength distribution for SR5a. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
2.775 11 3.493 10 3.047 9 3.721 22 
3.449 14 2.996 13 3.102 5 2.960 9 
3.217 38 2.891 8 3.498 23 3.082 10 
3.095 0 3.032 9 3.251 9 3.393 5 
3.356 16 3.303 10 3.276 11 3.558 10 
3.359 6 3.297 10 3.031 0 2.527 38 
3.209 13 3.194 10 3.155 20 3.177 14 
3.105 8 3.645 13 3.112 7 3.205 16 
3.339 10 2.914 12 3.196 16 2.510 8 
3.515 11 2.986 15 2.964 7 3.285 23 
2.745 14 3.482 15 3.259 15 3.303 7 
2.744 13 3.222 12 3.247 0 2.901 8 
3.666 13 3.212 11 3.275 14 3.255 11 
2.861 12 3.309 11 3.353 9 3.228 14 
3.154 24 3.115 11 2.847 15 3.326 16 
3.210 13 3.288 21 3.354 15 2.889 9 
3.176 8 3.163 12 3.295 6 3.093 10 
3.207 9 3.285 10 3.292 10 3.591 9 
3.161 14 2.673 11 3.518 12 3.123 28 
2.769 9 2.838 7 3.128 11 3.139 11 
3.265 15 2.959 14 3.157 12 3.445 12 
3.886 0 3.511 17 3.056 9 3.115 11 
3.181 12 3.761 13 3.447 14 3.152 11 
3.526 9 3.750 13 3.564 12 2.991 11 
3.071 12 3.348 25 3.595 12 3.027 9 
3.624 36 3.201 10 3.244 13 3.345 38 
2.865 11 2.986 11 3.647 11 3.319 40 
3.401 8 3.028 18 3.023 11 3.281 9 
2.899 0 3.465 18 3.031 15 3.172 11 
3.011 11 3.558 18 3.568 15 3.403 9 
3.443 13 2.976 13 3.291 0 2.843 13 
3.167 16 3.499 13 3.264 15 3.645 11 
3.896 12 3.747 0 3.116 12 3.197 6 
2.915 12 3.198 10 3.201 15 2.925 9 
3.554 12 3.317 12 3.163 11 3.130 10 
3.519 17 3.123 11 3.075 11 3.170 26 
3.095 10 2.898 39 3.005 12 3.367 12 
3.665 13 2.637 11 3.338 11 3.213 9 
2.947 19 2.605 15 3.381 10 3.059 13 
3.065 8 3.175 10 2.459 6 3.097 38 
2.857 12 2.858 10 3.000 20 2.915 13 
3.083 9 3.202 11 3.240 12 3.565 0 
3.052 20 3.164 14 3.212 0 2.974 12 
3.402 6 2.798 13 2.965 13 3.495 18 
3.411 12 3.062 10 3.562 11 3.296 7 
3.043 0 3.202 26 3.288 11 3.277 13 
3.135 9 3.388 13 3.710 9 3.145 12 
3.277 15 3.628 14 3.161 11 3.223 14 
3.164 12 3.610 11 4.142 12 3.269 12 
3.928 10 3.930 14 3.456 18 3.153 15 
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Table D-31 – System strength distribution for SR5awD. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
2.432 6 3.258 11 2.713 14 3.408 14 
3.158 11 2.610 15 2.685 16 2.647 10 
2.939 9 2.536 8 3.045 8 2.757 13 
2.693 10 2.797 13 2.964 14 2.982 11 
2.999 11 3.189 12 2.929 7 3.246 0 
2.873 7 3.033 10 2.756 11 2.390 6 
2.833 9 2.875 8 3.142 14 2.810 13 
2.805 9 3.187 11 2.795 10 2.856 0 
3.028 9 2.718 8 2.863 14 2.386 7 
2.965 12 2.603 10 2.715 10 3.038 11 
2.454 8 3.298 14 2.935 13 2.996 13 
2.542 10 2.818 13 2.778 10 2.532 11 
3.281 18 2.667 10 2.915 11 2.952 10 
2.606 8 2.982 0 3.056 13 3.235 15 
3.151 32 2.831 9 2.649 9 3.037 13 
3.130 14 2.995 7 2.852 25 2.652 9 
2.923 11 2.881 13 2.860 13 2.714 15 
2.557 7 2.948 10 2.956 11 3.003 10 
2.701 0 2.358 8 3.211 17 3.080 15 
2.401 8 2.565 10 2.810 8 2.724 10 
2.765 14 2.704 10 2.895 13 3.055 9 
3.416 12 3.311 14 2.634 10 2.690 10 
2.867 7 3.073 11 2.964 11 2.630 8 
2.988 16 3.223 12 3.240 10 2.666 10 
2.676 0 3.170 11 3.381 11 2.622 10 
3.166 8 3.000 12 2.972 12 3.056 9 
2.590 14 2.451 8 3.306 12 2.949 7 
3.172 11 2.737 12 2.779 10 2.781 11 
2.888 16 3.117 18 2.647 8 2.850 11 
2.616 8 3.310 12 3.217 7 3.090 11 
3.131 11 2.558 8 3.016 10 2.650 9 
2.729 10 3.058 11 3.047 15 3.236 9 
3.624 11 3.244 11 2.838 12 2.839 9 
2.578 12 2.950 11 3.085 11 2.518 10 
3.384 24 3.099 11 2.824 10 2.976 19 
3.028 10 2.964 10 2.976 14 2.981 12 
2.813 18 2.751 25 2.621 14 3.030 9 
3.212 12 2.336 8 3.070 12 2.864 13 
2.799 17 2.303 13 2.877 10 2.820 7 
2.783 19 2.838 12 2.082 15 3.048 24 
2.494 8 2.678 11 2.743 9 2.593 11 
2.716 11 2.739 10 2.825 10 3.041 13 
2.585 25 2.851 11 3.028 0 2.778 20 
3.281 13 2.417 9 2.655 9 3.035 8 
3.193 11 2.585 9 3.639 8 2.852 12 
2.693 10 2.854 15 2.834 10 2.817 0 
2.857 11 3.089 14 3.301 9 2.713 10 
3.034 12 3.196 13 2.861 11 3.067 16 
3.058 12 3.177 9 3.681 9 2.871 11 
3.377 14 3.421 12 3.064 12 2.700 10 
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Table D-32 – System strength distribution for SR5b. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
2.972 0 3.360 13 3.256 9 3.359 7 
2.963 9 3.734 18 2.959 6 3.395 11 
3.405 9 3.240 9 3.399 10 3.219 17 
3.280 10 3.084 0 3.620 8 3.252 9 
3.208 13 2.867 11 3.066 11 3.195 11 
3.012 9 3.352 11 3.333 11 2.498 0 
3.108 24 3.112 15 2.852 9 2.964 12 
3.117 7 3.064 16 2.956 11 3.501 15 
3.311 6 3.204 7 3.616 11 3.200 7 
3.144 17 3.544 14 2.964 11 3.135 14 
3.244 17 3.417 7 2.778 12 3.081 10 
3.317 9 2.888 29 3.213 0 3.368 8 
3.222 24 3.344 11 3.589 11 3.503 10 
2.802 13 2.944 30 3.398 14 3.663 22 
3.103 13 3.136 11 3.377 11 3.339 10 
3.587 14 2.985 10 3.293 9 3.296 11 
3.409 9 2.809 14 2.986 9 3.339 15 
3.162 9 3.035 14 3.147 31 2.972 11 
3.030 21 3.034 12 3.783 15 3.239 11 
3.188 12 2.968 13 3.042 10 3.528 11 
3.356 15 3.189 12 3.250 11 3.302 14 
3.036 11 3.115 11 3.176 12 3.457 9 
3.409 14 3.309 7 3.274 9 3.340 18 
3.050 14 2.799 10 3.033 13 2.986 10 
3.337 11 2.659 9 3.255 11 3.160 27 
2.879 13 3.076 9 3.142 14 3.435 6 
3.695 6 3.454 13 3.091 12 3.300 9 
3.313 11 2.941 6 3.213 13 3.071 9 
2.553 32 3.295 14 3.528 13 3.398 13 
3.110 10 3.182 14 3.099 10 3.244 10 
3.598 8 3.278 31 3.221 7 3.347 0 
3.546 11 3.578 11 3.324 13 2.971 28 
3.397 13 3.315 9 3.251 12 2.832 13 
3.546 34 2.864 14 3.238 10 3.300 7 
3.474 12 2.948 12 3.494 11 3.450 17 
3.618 10 3.460 9 3.124 10 3.454 13 
3.176 9 3.281 34 2.854 23 3.444 10 
3.341 8 3.291 13 3.013 11 2.833 10 
3.543 12 2.753 13 3.110 13 4.018 20 
3.397 17 3.038 11 3.096 19 3.297 28 
3.107 13 3.319 7 3.348 13 3.421 14 
3.500 11 2.957 25 3.364 12 3.085 13 
3.486 10 3.174 9 3.165 12 3.256 14 
3.307 13 3.392 10 3.123 14 3.182 11 
3.127 11 3.108 14 3.454 10 3.096 13 
2.914 15 3.100 11 3.383 17 3.528 13 
3.314 14 3.022 12 3.194 12 2.937 13 
3.315 13 3.153 14 3.556 11 2.958 29 
2.997 24 2.809 9 3.081 33 3.069 18 
3.650 9 2.988 11 3.792 0 3.214 14 
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Table D-33 – System strength distribution for SR5bwD. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] [x 1000 kg/beam] [-] 
3.058 13 3.150 19 3.019 9 3.010 6 
2.694 7 3.341 13 2.505 14 2.951 7 
3.048 14 2.814 11 3.155 12 3.087 10 
2.912 13 2.561 12 3.009 10 2.799 11 
2.922 8 2.455 8 2.875 20 2.914 12 
2.588 12 2.770 11 2.778 12 2.248 7 
3.102 40 3.106 11 2.516 10 2.667 11 
2.846 7 2.692 10 2.609 0 2.920 11 
2.905 6 2.904 39 3.104 12 2.819 0 
2.675 12 3.148 16 2.779 12 2.783 15 
2.906 10 2.932 11 2.535 6 2.721 11 
3.024 0 2.527 9 2.728 26 2.978 13 
3.222 26 3.078 13 3.166 13 3.118 0 
2.287 11 2.962 11 2.807 9 3.067 12 
2.647 7 2.846 17 2.836 12 3.009 10 
3.198 11 2.688 9 3.201 13 2.901 13 
3.154 11 2.569 8 2.767 9 3.281 15 
2.964 13 2.823 33 2.865 12 2.672 0 
2.741 10 2.511 9 3.311 12 2.860 10 
2.795 11 2.677 9 2.815 9 3.243 16 
3.143 12 2.895 8 2.947 10 2.981 8 
2.895 9 2.776 13 2.779 11 2.912 10 
2.920 11 2.847 6 2.879 11 3.304 24 
2.653 0 2.492 8 2.615 13 2.686 11 
3.196 13 2.265 10 2.986 11 2.909 12 
2.538 9 2.672 11 2.891 11 3.048 14 
3.472 11 2.942 13 2.779 10 2.819 11 
2.779 32 3.134 8 3.052 11 2.704 11 
2.204 11 2.852 11 3.050 16 2.890 11 
2.655 10 2.990 13 2.767 12 2.930 12 
3.170 14 2.910 6 2.828 12 3.032 12 
2.988 7 3.258 6 3.150 11 2.792 6 
3.178 9 2.880 14 2.967 13 2.598 6 
3.291 6 2.477 6 2.799 13 3.097 14 
3.188 0 2.618 8 3.176 40 3.225 12 
3.172 0 2.975 12 2.766 9 3.090 9 
2.749 10 2.906 14 2.795 13 3.003 12 
3.083 9 2.920 16 2.551 13 2.501 0 
3.024 18 2.506 7 2.851 27 3.743 14 
3.020 8 2.536 9 2.744 11 2.843 0 
2.898 10 3.183 17 2.943 11 2.862 6 
3.173 12 2.962 28 3.010 13 2.689 11 
2.997 11 2.986 10 2.770 10 2.983 8 
2.965 7 3.050 14 2.662 12 2.907 12 
2.723 9 2.923 0 2.925 10 2.763 10 
2.937 17 2.811 7 3.147 32 3.253 11 
2.862 0 2.785 12 3.150 12 2.647 11 
2.826 9 3.146 37 3.099 18 3.010 12 
2.845 9 2.501 8 2.621 8 3.054 11 
3.063 11 2.721 13 3.439 10 2.765 11 
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Table D-34 – System strength distribution for PF1. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[kN/m] [-] [kN/m] [-] [kN/m] [-] [kN/m] [-] 
8.522 60 7.898 48 8.659 50 8.792 50 
9.689 94 7.651 43 8.154 53 6.336 35 
7.258 49 8.928 53 10.169 57 8.110 52 
7.551 51 8.680 53 8.416 47 8.202 65 
7.989 0 8.403 51 9.062 54 5.790 38 
8.367 49 7.785 45 8.389 51 6.894 43 
8.255 50 7.101 49 8.007 0 9.071 57 
7.902 48 8.341 49 7.831 49 6.681 37 
8.225 90 7.812 45 7.969 52 7.643 53 
8.627 69 7.259 44 7.461 45 5.861 33 
8.553 50 9.129 49 8.852 58 8.477 53 
8.653 61 8.568 49 10.388 62 7.447 47 
8.502 53 8.628 53 8.275 52 7.392 42 
8.970 55 7.960 59 7.955 47 8.830 63 
7.673 45 7.958 45 7.576 44 8.277 49 
8.017 48 8.231 49 8.716 47 8.983 52 
9.037 52 8.143 52 9.479 61 8.739 70 
9.161 53 8.079 47 8.500 55 8.207 63 
8.224 47 7.673 49 9.422 55 8.003 86 
8.151 48 8.380 51 7.576 58 9.268 54 
8.162 57 8.489 55 8.207 51 8.112 69 
8.306 46 9.018 60 7.779 43 8.660 52 
7.594 44 9.332 59 7.366 0 8.659 0 
7.686 46 8.110 71 8.280 48 9.001 58 
9.272 54 9.430 56 9.947 68 8.327 31 
9.304 63 7.605 45 9.338 57 8.689 54 
8.129 84 7.758 64 8.301 51 9.723 63 
7.650 36 6.708 35 8.461 51 8.775 52 
9.126 55 10.289 64 7.547 46 7.029 43 
8.296 93 8.313 55 8.046 49 9.236 52 
7.645 44 7.999 47 8.685 48 8.677 88 
8.762 55 7.686 49 7.961 44 8.627 53 
7.634 47 7.559 47 6.455 89 8.290 79 
8.240 51 8.356 59 9.278 56 9.073 52 
9.380 56 8.683 50 7.644 58 9.042 58 
7.888 39 9.561 54 8.078 44 8.993 54 
9.309 53 9.090 56 7.969 49 7.765 47 
9.221 53 8.018 45 8.155 51 7.153 46 
9.490 67 8.058 52 9.186 52 6.735 46 
7.341 42 7.354 44 6.729 40 8.253 53 
9.117 54 8.655 51 9.457 65 9.562 81 
9.178 54 8.287 48 8.307 47 7.547 45 
8.838 55 8.616 57 8.109 47 9.500 59 
8.363 46 8.647 68 7.081 44 9.186 54 
7.231 41 6.497 39 8.887 55 8.060 48 
7.798 41 8.720 60 7.178 77 7.363 41 
7.034 46 9.854 60 8.298 53 8.005 45 
7.923 50 8.519 51 8.841 53 9.640 60 
6.523 39 7.980 49 7.970 46 8.489 59 
9.425 56 8.142 47 8.710 51 8.931 54 
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Table D-35 – System strength distribution for PF1a. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[kN/m] [-] [kN/m] [-] [kN/m] [-] [kN/m] [-] 
9.616 59 7.424 47 9.010 54 8.108 62 
8.817 52 8.583 49 8.206 50 7.037 62 
8.685 53 8.381 56 7.960 47 7.520 43 
9.025 57 7.965 61 8.563 53 7.926 47 
8.672 52 8.162 48 7.148 44 5.771 36 
7.960 56 7.670 51 7.421 30 8.619 50 
10.024 62 8.134 48 8.116 49 8.169 51 
9.551 56 8.100 54 7.887 52 7.913 55 
8.776 53 9.138 58 8.127 53 9.173 58 
7.980 58 7.364 43 8.185 65 7.720 36 
8.279 48 8.247 50 7.659 47 8.974 55 
7.555 43 8.560 52 9.269 55 9.047 54 
7.055 40 8.981 76 9.411 53 9.319 52 
8.643 52 7.711 60 8.524 51 9.430 61 
7.229 48 7.091 47 9.111 55 10.014 65 
8.654 54 7.842 54 7.327 40 8.153 48 
8.569 55 7.129 38 9.346 55 8.844 58 
7.458 43 8.636 49 8.811 54 7.202 79 
9.331 53 7.952 46 8.490 51 8.687 53 
9.256 59 8.874 50 8.000 50 7.729 44 
7.445 57 8.896 59 7.502 47 8.487 50 
7.351 47 8.731 54 7.831 44 6.859 38 
8.678 52 6.934 42 8.942 71 8.256 54 
7.890 50 8.588 52 8.047 45 8.614 52 
8.195 47 9.107 53 7.364 50 8.579 50 
7.482 42 8.316 62 8.822 50 9.176 53 
7.798 55 8.669 63 8.082 49 9.583 40 
9.169 51 6.753 36 8.786 50 8.110 47 
8.454 47 9.848 63 9.360 54 7.494 44 
8.659 56 9.876 60 7.742 45 7.944 46 
8.353 51 8.073 50 7.657 46 7.470 51 
7.792 54 8.996 55 8.151 54 8.901 53 
7.084 43 7.212 39 7.745 43 9.504 65 
8.394 38 7.211 42 7.067 73 7.607 47 
7.976 49 7.576 42 8.088 50 9.500 57 
8.698 49 9.085 57 7.039 44 8.234 48 
7.612 51 7.907 45 9.046 55 9.083 52 
8.214 58 10.073 59 10.448 54 8.423 48 
9.521 59 8.657 51 9.780 60 8.808 68 
8.463 54 9.306 60 8.782 63 7.617 45 
7.835 44 8.831 55 8.729 55 9.095 51 
8.466 49 7.038 92 8.302 58 8.595 0 
7.748 0 8.041 51 9.031 55 7.662 49 
8.592 48 5.726 32 7.182 44 7.504 42 
9.183 52 7.693 49 8.156 63 7.417 45 
8.205 44 8.151 49 7.047 41 8.056 50 
7.426 51 7.360 42 7.896 55 8.243 49 
8.589 50 9.312 55 7.704 44 9.410 55 
7.857 56 7.534 45 9.707 58 7.662 44 
8.345 61 7.683 43 7.794 49 7.726 56 
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Table D-36 – System strength distribution for PF2. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[kN/m] [-] [kN/m] [-] [kN/m] [-] [kN/m] [-] 
17.921 81 16.816 77 17.946 98 17.058 76 
16.889 92 16.312 55 16.000 82 16.902 60 
19.989 94 18.706 83 15.235 75 15.765 75 
18.365 84 15.593 88 17.779 77 16.365 91 
16.970 90 16.952 90 17.303 74 15.530 70 
14.550 64 17.302 90 16.621 69 18.718 67 
17.622 78 16.170 71 16.399 80 15.228 68 
16.647 69 16.715 75 18.576 92 16.880 78 
16.105 82 17.753 81 16.517 80 17.300 100 
16.163 75 15.706 55 17.900 81 15.313 56 
16.151 79 15.924 73 16.950 86 17.110 63 
16.422 92 17.589 88 16.395 69 16.716 72 
18.374 82 17.818 52 15.778 81 16.550 78 
17.475 51 17.029 84 16.027 75 18.764 99 
15.391 68 15.584 74 16.973 70 18.521 78 
17.115 78 16.770 85 16.202 60 16.236 39 
17.468 55 18.044 88 15.855 58 16.242 77 
17.826 80 16.861 71 18.674 81 16.832 79 
15.526 69 18.166 77 15.824 70 17.251 79 
18.308 90 16.062 80 15.330 84 15.688 81 
17.294 54 18.048 76 14.898 62 17.761 85 
17.813 84 18.248 79 16.223 66 17.053 72 
15.207 71 15.103 72 18.580 91 18.755 91 
14.945 64 15.678 68 14.965 75 17.053 72 
17.192 78 16.707 72 16.019 58 16.582 71 
16.227 82 17.836 74 16.401 83 17.253 78 
16.395 56 16.992 82 15.905 75 17.972 85 
16.166 78 16.132 80 18.074 46 15.391 77 
16.339 79 19.232 91 16.044 76 15.986 79 
17.465 92 17.924 89 17.481 79 15.370 73 
15.048 64 18.617 63 17.102 93 14.405 63 
17.072 100 16.327 80 16.285 77 16.106 74 
15.955 86 16.713 51 15.415 73 16.821 71 
16.847 78 14.613 67 14.699 75 15.480 78 
15.961 70 18.231 66 18.334 85 17.708 86 
16.608 63 16.473 73 17.789 60 16.102 80 
16.289 82 16.825 71 17.267 87 16.731 74 
17.619 59 18.445 77 17.399 72 16.094 83 
17.066 83 15.874 85 17.990 63 17.359 56 
16.134 84 17.780 50 17.431 68 17.157 74 
15.223 67 18.310 90 18.620 78 15.849 74 
13.872 63 17.191 84 16.511 72 19.570 79 
14.821 71 16.609 82 17.918 88 18.467 90 
15.850 73 17.675 33 15.473 66 15.007 76 
16.743 92 14.952 65 18.211 74 14.865 68 
16.170 78 16.317 63 16.312 36 17.225 73 
18.364 51 19.596 83 18.625 69 19.543 88 
17.711 72 16.810 83 16.406 48 17.056 94 
15.244 80 15.194 76 18.266 89 17.638 76 
19.335 59 15.999 85 17.482 49 16.622 91 
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Table D-37 – System strength distribution for PF2a. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[kN/m] [-] [kN/m] [-] [kN/m] [-] [kN/m] [-] 
16.503 61 16.430 77 15.482 70 16.677 82 
17.363 72 16.035 82 15.201 72 17.447 74 
15.157 70 15.119 73 17.471 82 16.918 75 
15.788 70 16.205 63 17.241 84 15.841 72 
17.800 94 17.475 89 17.743 69 17.194 87 
15.243 66 14.454 78 17.214 84 15.982 74 
16.130 64 19.623 41 15.746 70 18.731 80 
18.591 57 15.765 60 18.026 89 17.081 79 
15.929 86 15.404 79 15.650 74 17.261 71 
15.548 88 17.630 44 15.551 66 18.722 80 
14.767 71 17.981 68 16.743 78 15.374 48 
17.239 75 17.676 70 16.439 74 15.650 65 
18.680 89 15.717 71 16.709 83 17.673 83 
16.133 67 16.298 71 16.311 74 15.304 77 
17.950 76 15.901 65 16.265 64 16.436 75 
18.379 82 18.001 72 20.716 47 17.038 74 
16.342 63 16.078 77 16.056 79 14.213 73 
18.679 92 17.631 81 15.129 71 16.683 81 
17.614 80 15.796 70 20.730 54 15.587 73 
16.604 79 15.265 67 14.421 81 18.510 0 
15.865 80 19.282 96 16.147 47 18.466 69 
13.215 58 16.473 77 15.738 78 18.175 71 
19.479 57 17.528 87 18.068 47 17.879 93 
17.302 80 17.772 59 17.897 56 17.905 74 
18.741 100 16.204 70 18.558 87 15.933 70 
17.078 87 15.623 73 17.754 98 17.833 73 
15.131 59 15.840 65 16.753 50 17.339 83 
16.511 77 16.222 83 16.684 91 16.949 84 
14.671 62 18.726 91 17.114 66 15.858 73 
17.128 60 16.492 86 14.147 49 17.378 41 
15.812 80 19.472 84 15.040 62 15.903 74 
18.237 0 16.562 84 16.582 87 18.405 91 
17.342 39 18.116 86 18.210 93 17.515 71 
17.352 84 16.487 41 16.416 84 17.896 81 
15.257 64 17.324 75 16.056 82 17.322 62 
17.710 84 16.098 76 16.026 64 16.071 73 
16.985 80 17.875 78 16.857 74 16.901 73 
17.948 68 17.205 82 16.395 82 15.612 68 
15.372 70 19.112 57 15.797 73 16.908 84 
14.637 50 16.257 55 15.772 63 16.066 73 
18.352 94 17.315 79 18.235 80 17.721 67 
16.185 67 16.219 82 17.562 89 16.153 45 
14.715 71 20.369 49 16.240 79 18.163 89 
15.777 32 15.048 64 18.309 66 17.011 82 
17.255 93 17.647 81 16.865 78 17.738 85 
17.606 88 17.254 91 16.575 75 14.967 69 
16.851 83 17.844 66 15.473 69 16.828 81 
17.019 87 16.325 83 16.578 83 16.805 79 
16.099 74 17.142 67 18.360 84 17.247 50 
21.538 78 16.904 50 19.166 95 17.096 91 
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Table D-38 – System strength distribution for PF3. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[kN/m] [-] [kN/m] [-] [kN/m] [-] [kN/m] [-] 
10.450 31 10.064 27 8.961 13 12.287 23 
9.137 14 8.944 35 10.105 17 9.205 29 
9.935 15 10.389 16 8.186 15 10.251 15 
8.962 20 9.290 20 10.482 37 10.472 16 
10.367 17 9.801 25 10.451 25 9.220 16 
9.792 31 11.533 16 11.187 18 9.319 16 
11.819 35 9.579 15 10.244 24 9.229 29 
9.514 25 9.975 20 9.337 16 9.286 21 
9.219 26 11.361 29 9.302 18 10.342 22 
10.419 36 8.090 34 10.658 21 10.054 15 
10.388 15 10.433 23 9.865 16 9.902 26 
9.921 21 10.353 16 9.495 16 10.202 16 
10.929 33 8.931 26 
  
10.096 20 
10.306 19 9.536 37 10.880 26 9.746 15 
9.067 15 11.026 16 9.164 23 10.857 23 
9.321 31 9.168 41 10.445 16 9.850 28 
9.349 22 9.242 17 9.422 19 9.696 22 
10.141 30 10.642 20 10.295 24 11.388 23 
8.624 29 9.914 14 9.668 22 10.440 17 
9.182 14 10.414 38 9.459 38 9.541 24 
10.128 25 9.934 15 8.792 30 10.205 20 
10.107 15 10.253 30 10.112 17 9.229 27 
10.202 21 9.278 23 9.931 27 9.404 23 
9.353 27 9.275 15 10.022 17 9.308 18 
10.329 28 9.794 22 10.945 37 9.889 27 
9.604 20 9.954 23 11.057 18 9.528 14 
10.080 32 9.849 17 9.951 15 10.203 21 
10.416 27 10.685 25 10.044 24 9.752 35 
8.901 27 9.978 17 9.898 14 10.032 17 
9.820 14 10.122 22 10.238 26 10.536 22 
10.209 33 10.297 22 9.873 40 10.587 33 
9.020 13 8.823 18 10.514 17 10.241 17 
10.475 28 9.956 21 9.848 15 10.705 24 
10.140 28 10.699 27 8.066 18 10.222 27 
9.692 19 9.381 27 11.017 37 10.508 29 
9.775 30 10.784 17 9.485 26 9.196 33 
10.304 19 11.376 21 10.313 29 11.600 16 
10.022 25 11.339 19 9.951 41 10.284 32 
10.010 32 9.298 23 9.862 22 10.652 16 
9.587 38 11.535 20 10.046 30 10.250 23 
10.018 34 11.579 22 10.219 25 10.262 21 
9.701 35 10.489 26 10.159 25 10.029 17 
8.919 25 10.797 15 10.829 24 10.434 18 
10.032 16 9.273 30 9.075 26 10.423 23 
9.280 15 9.862 22 9.677 28 10.580 17 
9.990 26 10.492 28 10.337 26 9.377 27 
9.519 31 11.991 17 9.154 17 10.499 15 
9.677 35 9.893 38 10.872 31 9.373 15 
9.301 26 8.650 25 10.213 15 10.142 17 
9.950 14 8.961 13 10.258 16 9.343 33 
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Table D-39 – System strength distribution for PF3a. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[kN/m] [-] [kN/m] [-] [kN/m] [-] [kN/m] [-] 
10.195 17 10.547 15 10.656 15 10.543 18 
9.144 19 9.692 19 10.511 33 10.079 38 
9.028 41 10.061 40 9.394 22 10.441 20 
10.494 18 9.483 15 10.150 17 9.939 25 
10.439 18 10.647 28 12.281 18 9.651 21 
10.053 14 10.861 19 10.760 28 9.739 30 
9.178 21 9.934 31 9.556 36 10.552 34 
10.890 16 10.273 25 8.623 25 9.846 26 
8.303 35 10.207 37 10.095 21 9.667 37 
8.526 17 9.650 14 10.128 22 9.315 14 
8.001 12 9.554 40 10.081 36 9.354 29 
8.625 23 10.272 30 10.210 26 9.917 21 
10.191 15 10.193 29 9.459 31 10.058 31 
9.697 37 10.379 33 10.506 34 9.570 28 
9.248 29 10.495 30 9.573 25 9.665 14 
9.911 31 10.030 19 10.501 29 10.403 16 
9.972 21 10.928 19 10.662 25 11.662 17 
11.479 16 8.923 13 9.489 25 9.311 19 
9.446 33 9.680 22 10.436 20 9.443 32 
8.314 26 11.387 18 9.597 15 10.910 23 
9.630 32 9.896 31 9.677 27 9.512 14 
10.989 24 10.114 24 10.529 40 10.428 32 
10.334 17 10.409 32 9.614 21 11.688 16 
10.080 30 8.548 22 9.833 19 9.365 25 
8.984 27 10.715 27 9.384 26 9.930 25 
10.957 18 10.100 14 11.317 30 10.518 36 
11.414 27 10.919 21 10.562 34 11.173 26 
9.412 30 9.166 19 9.936 22 9.525 19 
9.714 17 9.644 16 10.127 30 10.075 30 
9.477 21 10.101 23 10.464 16 9.186 24 
8.345 32 9.938 29 10.466 28 10.563 33 
9.797 18 9.710 28 9.708 18 9.262 27 
9.040 15 9.712 20 10.142 16 9.678 16 
11.440 23 10.070 23 9.878 26 9.278 14 
9.621 15 11.164 16 10.842 25 9.941 22 
10.204 19 10.151 16 10.265 27 11.592 18 
9.756 36 9.178 28 8.777 29 10.566 17 
9.288 21 9.957 19 9.707 17 10.841 32 
8.705 16 10.226 19 9.932 20 10.106 19 
9.938 29 9.981 16 11.297 23 11.165 26 
9.498 19 10.090 23 10.856 22 9.869 32 
10.189 28 9.341 14 10.912 18 10.329 25 
8.210 17 8.964 14 8.934 14 9.535 16 
9.608 21 9.832 19 9.671 14 10.476 32 
10.649 16 9.007 14 10.262 27 10.995 29 
10.600 19 10.748 19 11.678 16 10.815 17 
9.582 21 10.093 21 11.790 18 9.477 28 
9.891 22 10.467 17 9.255 21 9.141 25 
11.380 16 
  
10.313 16 9.381 21 
10.264 15 13.285 18 10.370 23 10.123 21 
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Table D-40 – System strength distribution for PF4. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[kN/m] [-] [kN/m] [-] [kN/m] [-] [kN/m] [-] 
11.964 23 14.892 26 16.082 27 14.041 34 
15.288 27 13.745 22 15.515 26 15.447 31 
15.846 34 15.095 34 14.457 30 15.600 35 
14.871 31 14.358 36 15.407 29 14.523 31 
16.608 24 14.195 43 13.305 41 14.223 36 
14.365 25 15.082 29 14.374 30 16.878 30 
14.602 42 14.784 31 16.787 32 12.937 30 
16.380 34 13.738 29 14.000 32 16.677 30 
13.329 25 15.890 31 13.309 21 13.457 32 
13.305 26 14.100 26 13.713 38 14.396 33 
14.761 27 16.487 38 16.080 32 15.918 28 
14.997 27 14.682 30 13.696 26 18.162 42 
14.826 0 12.810 21 14.378 43 15.845 30 
13.592 24 14.725 34 13.066 24 16.113 30 
13.752 41 14.432 28 13.993 34 13.277 27 
15.795 30 13.653 32 15.260 31 13.673 32 
13.630 34 13.111 24 14.777 28 15.089 24 
13.936 35 14.932 26 13.313 33 16.511 26 
16.339 28 13.208 26 14.721 30 14.737 25 
12.922 26 15.343 30 14.515 25 13.823 46 
14.450 33 16.640 40 16.517 33 14.877 30 
14.549 28 14.220 34 15.787 27 17.335 29 
13.402 25 15.325 28 14.764 24 13.193 37 
15.413 27 14.025 29 14.389 26 15.359 29 
14.288 31 15.027 34 15.178 38 16.923 29 
13.698 21 16.073 47 15.256 33 15.084 30 
15.791 28 13.689 21 14.555 30 14.438 23 
14.764 25 16.818 37 13.647 36 15.523 28 
13.610 30 13.308 44 15.981 28 14.080 28 
15.198 31 18.183 39 17.429 34 16.111 33 
14.636 32 14.933 30 14.215 30 14.917 24 
14.220 36 14.832 24 13.312 29 13.700 30 
13.478 26 14.534 25 14.287 40 13.174 31 
14.979 29 14.496 25 13.354 33 14.519 39 
15.546 32 15.695 27 15.783 32 16.229 24 
14.345 35 15.612 29 14.377 34 12.385 40 
13.177 25 13.989 27 14.143 49 15.940 29 
15.303 27 14.213 26 15.561 33 13.834 28 
12.584 31 15.047 21 12.889 23 14.582 26 
16.086 23 13.740 21 15.138 29 15.377 24 
14.736 40 15.054 35 13.425 20 14.528 26 
15.595 36 14.872 36 12.826 48 13.445 23 
15.545 32 13.833 29 15.226 29 15.162 26 
15.771 35 13.135 22 14.385 29 12.874 25 
15.356 33 15.305 43 13.160 32 15.068 22 
17.320 23 14.121 0 16.747 36 12.644 27 
15.050 34 14.681 27 14.035 28 14.677 37 
14.771 30 15.252 27 15.541 32 15.003 28 
14.561 30 13.964 22 14.113 0 15.006 31 
13.983 38 14.882 26 17.229 41 14.170 34 
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Table D-41 – System strength distribution for PF4a. 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[kN/m] [-] [kN/m] [-] [kN/m] [-] [kN/m] [-] 
13.435 0 15.010 33 14.626 33 16.058 32 
15.340 39 14.415 24 15.173 30 16.454 33 
14.175 33 13.567 32 14.998 30 15.891 30 
14.508 26 11.906 20 14.742 28 14.958 31 
15.649 35 14.622 26 15.122 53 17.560 29 
14.944 61 13.968 26 16.890 32 12.053 19 
13.813 28 16.161 23 15.238 28 13.262 19 
13.051 26 13.563 26 15.031 33 13.190 29 
14.792 29 15.046 42 11.065 23 13.698 100 
15.074 25 14.855 25 16.036 27 15.503 30 
15.872 27 13.810 33 12.711 24 14.293 28 
15.160 30 14.743 20 14.793 29 14.947 28 
15.172 25 13.736 27 16.330 27 16.702 34 
13.597 24 15.992 33 15.469 27 15.629 33 
16.040 35 15.279 28 14.159 32 15.461 25 
15.766 31 13.867 43 14.266 24 14.305 29 
13.869 30 16.302 41 16.820 29 13.427 27 
15.385 33 15.224 35 12.620 29 12.523 0 
13.273 28 13.226 25 15.994 27 16.647 45 
13.643 32 13.018 24 13.600 45 14.133 25 
13.177 28 14.068 30 13.367 36 14.934 29 
12.835 22 14.864 34 15.029 30 15.036 34 
13.970 27 14.233 33 17.691 29 14.620 26 
15.422 34 14.533 24 14.037 28 14.487 26 
15.598 38 15.852 32 14.927 34 14.251 27 
13.940 22 14.279 27 13.370 27 14.787 35 
16.515 36 15.565 42 14.539 26 14.795 27 
14.320 28 15.087 28 16.680 31 13.680 21 
15.280 26 16.770 31 15.911 37 13.589 28 
16.126 24 14.995 25 15.592 28 16.447 24 
13.208 33 15.982 45 12.630 28 13.073 44 
14.695 37 13.227 26 14.385 32 14.851 37 
14.839 26 12.719 0 15.033 30 13.959 21 
15.356 23 14.623 32 16.992 26 15.650 26 
14.839 36 14.023 27 16.547 33 14.373 26 
15.085 30 15.738 31 15.258 29 12.752 30 
13.607 24 15.184 30 14.278 28 14.930 27 
14.586 28 14.022 29 15.609 28 17.989 25 
14.111 26 14.522 28 16.606 28 14.111 27 
16.097 37 14.429 31 15.894 31 13.954 32 
14.263 36 13.423 22 11.728 24 14.941 29 
13.944 28 15.348 33 15.479 37 13.525 25 
14.108 40 14.711 65 14.582 0 15.860 26 
13.330 26 16.297 34 15.331 33 14.233 26 
17.129 31 14.866 28 13.218 36 12.995 29 
13.990 28 16.292 35 14.320 32 15.114 31 
13.967 27 15.707 28 13.161 26 12.453 30 
12.321 0 12.926 21 15.056 33 17.037 44 
13.797 29 15.592 28 13.052 19 16.846 31 
13.468 32 15.068 27 14.619 27 14.377 33 
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Table D-42 – System strength distribution for WF1 (Dn=1.2 kN/m). 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[kN/m] [-] [kN/m] [-] [kN/m] [-] [kN/m] [-] 
5.829 64 6.066 69 5.438 62 3.902 24 
3.491 35 3.588 19 4.828 0 3.758 25 
3.910 33 4.151 42 4.988 29 5.631 0 
4.180 40 3.998 15 4.417 47 4.446 17 
3.924 18 5.242 38 4.021 22 5.740 91 
5.425 34 3.541 0 4.210 0 4.588 53 
5.782 59 4.098 18 5.478 0 4.774 49 
4.421 60 6.099 82 3.916 17 4.845 42 
4.822 53 4.820 0 4.469 70 5.624 70 
4.416 14 4.660 41 3.909 34 5.550 77 
4.737 61 4.058 0 4.944 63 3.903 20 
4.410 0 4.734 38 4.990 49 4.672 60 
5.366 48 4.056 53 5.158 52 5.152 54 
4.500 18 3.814 38 4.247 18 4.612 56 
5.013 47 4.472 18 4.890 44 5.109 42 
4.411 62 5.348 97 4.501 22 5.454 63 
4.376 0 4.812 48 4.905 48 4.631 49 
4.363 0 4.239 37 4.345 38 5.027 46 
5.401 0 3.458 20 5.023 0 5.090 86 
4.913 69 5.688 82 3.699 25 4.177 78 
3.919 40 5.539 54 4.591 42 4.180 21 
4.676 19 4.664 0 5.092 55 5.320 54 
5.224 53 4.002 33 4.040 21 4.165 40 
3.588 21 4.779 55 4.549 52 4.597 54 
4.949 38 4.933 70 5.120 38 3.946 33 
4.384 60 4.546 0 4.931 0 4.867 54 
4.319 24 5.129 81 4.670 55 4.778 16 
4.264 26 4.889 54 5.636 52 4.600 61 
3.906 16 4.891 39 5.456 59 5.026 54 
4.444 18 4.332 47 4.388 61 5.067 83 
4.365 34 4.801 45 4.186 22 4.244 0 
4.339 50 3.529 19 3.825 48 4.013 86 
5.035 53 5.202 61 4.966 56 4.348 0 
4.699 58 5.229 99 4.303 35 3.661 37 
4.735 27 4.918 56 4.646 0 4.712 0 
4.578 57 3.808 0 4.795 83 5.004 71 
5.357 35 4.307 19 4.847 40 3.825 46 
3.594 17 4.465 43 3.561 30 4.618 0 
4.006 39 4.479 0 4.061 42 5.013 31 
3.898 23 3.841 29 4.061 43 4.646 0 
4.838 19 4.763 67 5.111 43 5.441 76 
4.286 20 4.755 0 3.843 16 4.359 0 
4.795 37 4.884 46 5.327 45 4.837 47 
4.900 0 4.344 20 4.020 38 3.803 25 
4.003 16 4.851 67 4.294 36 3.305 23 
4.930 0 4.523 0 3.756 25 5.186 38 
5.152 51 4.380 17 3.901 16 4.064 58 
3.821 20 3.857 17 4.743 45 3.665 31 
3.963 36 4.160 24 6.138 90 4.415 86 
3.818 19 4.925 64 4.342 48 5.244 0 
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Table D-43 – System strength distribution for WF1 (Dn=0.8 kN/m). 
System strength Failure Step 
[kN/m] [-] 
4.063 33 
4.173 27 
5.657 47 
4.426 24 
4.595 45 
5.033 0 
3.900 14 
4.693 55 
5.970 0 
3.565 23 
4.836 52 
4.023 27 
4.809 66 
4.160 43 
4.247 16 
4.000 22 
5.459 68 
5.349 66 
4.115 20 
3.940 17 
4.178 33 
4.010 0 
3.966 19 
4.972 22 
5.505 0 
4.397 27 
5.757 72 
4.251 18 
4.354 51 
4.278 25 
5.083 16 
4.674 14 
5.916 46 
5.560 33 
5.560 33 
5.505 50 
4.730 50 
3.702 20 
5.280 0 
4.274 29 
4.699 16 
4.335 94 
5.347 0 
3.810 0 
4.793 60 
4.514 0 
4.677 24 
6.491 77 
3.755 22 
4.321 24 
 
 
 
 
 
 
 
Appendix D – System Strength Results 
  
 A-123  
 
Table D-44 – System strength distribution for WF1 (Dn=0.45 kN/m). 
System strength Failure Step 
[kN/m] [-] 
4.674 15 
4.232 26 
5.805 41 
5.174 24 
4.618 24 
4.633 20 
4.595 50 
5.140 54 
5.769 71 
4.203 29 
5.076 40 
5.878 83 
6.126 98 
5.345 18 
4.472 16 
4.489 25 
4.818 16 
3.686 20 
3.770 16 
4.760 27 
4.386 31 
4.434 42 
5.844 65 
4.196 99 
4.943 52 
3.992 18 
4.328 67 
7.007 0 
5.168 46 
4.125 19 
4.622 20 
4.684 42 
6.583 68 
5.494 62 
4.511 19 
4.622 44 
5.361 20 
5.251 35 
4.311 36 
5.752 98 
4.947 21 
5.480 52 
4.339 36 
4.232 30 
4.880 16 
4.954 29 
4.738 40 
5.686 44 
5.309 48 
4.080 22 
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Table D-45 – System strength distribution for WF2 (Dn=1.8 kN/m). 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[kN/m] [-] [kN/m] [-] [kN/m] [-] [kN/m] [-] 
10.650 44 10.595 38 10.333 35 10.090 27 
11.808 31 11.846 21 11.900 21 11.723 30 
6.847 24 11.489 32 10.877 27 11.333 24 
11.493 20 11.516 26 11.183 42 11.260 32 
9.098 0 10.228 28 11.408 33 12.042 29 
9.377 25 10.173 0 10.907 0 8.224 94 
11.409 33 11.009 0 12.086 24 11.321 35 
11.414 26 10.456 0 10.073 15 9.482 40 
9.538 25 9.181 22 11.761 31 11.842 31 
10.052 26 10.767 32 9.951 26 12.177 21 
9.439 0 11.492 42 10.352 33 10.889 47 
10.948 32 10.349 30 8.068 26 9.172 56 
9.368 23 10.881 35 11.056 26 10.415 30 
10.230 28 9.464 28 10.268 0 11.163 0 
10.402 33 11.690 0 10.042 44 10.681 48 
10.664 0 7.385 26 12.057 19 11.925 21 
10.722 32 12.108 39 10.880 25 10.619 0 
11.190 19 10.701 77 10.710 0 11.424 16 
11.473 22 12.174 18 9.424 36 11.680 31 
12.276 21 10.778 29 8.820 0 10.008 62 
10.370 26 10.390 25 11.123 46 9.671 32 
10.325 29 9.931 0 10.893 0 9.474 26 
10.828 30 10.803 0 11.773 32 11.802 27 
12.231 37 9.221 36 9.422 30 10.349 0 
9.011 0 11.442 30 11.058 21 10.810 19 
10.204 0 10.314 32 11.592 40 9.756 33 
10.578 16 8.195 29 11.014 15 11.262 38 
9.012 0 12.152 29 11.769 56 10.239 35 
8.803 27 10.148 27 11.834 22 11.227 33 
10.882 18 10.842 0 11.526 18 10.681 48 
10.745 33 10.308 28 10.724 32 10.683 54 
10.066 42 11.317 19 12.498 0 9.742 26 
10.461 29 8.919 17 8.888 24 11.414 0 
11.404 0 11.170 30 10.673 29 11.877 19 
11.626 32 8.596 35 9.441 30 11.957 0 
10.876 0 10.630 30 9.800 21 11.784 35 
10.623 54 10.897 28 11.119 36 8.913 28 
11.808 20 10.494 28 8.577 0 9.094 30 
11.117 38 10.865 34 10.990 37 6.169 17 
10.280 26 10.979 40 8.973 30 9.784 36 
9.000 30 11.768 23 10.991 30 11.268 36 
11.823 28 10.081 28 10.914 34 10.808 17 
12.338 28 10.301 27 10.024 0 11.737 45 
10.648 0 11.610 25 10.853 31 12.981 19 
9.161 22 9.885 33 7.676 0 10.496 29 
8.635 0 9.929 27 10.740 0 8.566 31 
11.774 19 10.276 25 12.324 39 9.639 20 
10.903 22 11.710 45 11.914 30 10.596 26 
12.108 25 10.101 24 10.906 17 11.987 36 
10.440 0 10.977 43 11.213 37 9.678 35 
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Table D-46 – System strength distribution for WF2 (Dn=3.6 kN/m). 
System strength Failure Step 
[kN/m] [-] 
12.643 18 
13.639 17 
13.311 18 
12.024 34 
13.795 22 
12.723 0 
13.890 22 
13.933 22 
14.291 20 
12.929 31 
13.575 21 
14.234 44 
15.408 20 
11.586 0 
10.969 27 
13.699 21 
13.602 23 
13.011 18 
13.835 25 
13.567 19 
13.627 22 
12.214 32 
13.342 41 
11.371 26 
12.970 26 
12.479 16 
13.908 32 
14.264 19 
12.859 41 
13.341 18 
14.005 21 
14.172 31 
13.495 19 
13.316 24 
13.408 31 
14.109 22 
12.949 29 
14.369 16 
13.609 23 
14.953 18 
12.563 22 
10.384 27 
14.323 21 
13.439 19 
13.116 30 
13.749 27 
14.076 18 
12.633 19 
13.842 21 
12.867 63 
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Table D-47 – System strength distribution for WF2 (Dn=1.0 kN/m). 
System strength Failure Step 
[kN/m] [-] 
10.190 28 
10.203 32 
9.040 34 
9.831 0 
10.014 31 
9.625 0 
10.186 24 
10.960 23 
8.670 0 
9.101 0 
9.474 0 
10.050 30 
7.718 31 
9.595 30 
9.020 32 
10.305 31 
10.284 33 
9.841 0 
7.273 96 
10.622 0 
10.471 0 
10.067 21 
9.791 28 
10.024 23 
11.194 26 
9.533 30 
6.985 0 
11.519 20 
9.008 30 
8.821 23 
10.152 17 
9.165 0 
11.842 29 
7.575 23 
9.591 26 
9.185 28 
8.805 32 
9.190 23 
10.295 47 
9.290 17 
9.666 98 
9.159 31 
10.244 31 
9.373 0 
10.133 26 
7.006 0 
9.007 0 
9.038 38 
9.131 28 
10.037 36 
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Table D-48 – System strength distribution for WF3 (Dn=1.8 kN/m). 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[kN/m] [-] [kN/m] [-] [kN/m] [-] [kN/m] [-] 
7.239 
 
6.987 
 
7.231 
 
7.482 
 
7.440 
 
7.550 
 
7.349 
 
6.602 
 
7.222 
 
7.404 
 
7.621 
 
7.098 
 
7.286 
 
7.005 
 
7.390 
 
7.989 
 
7.437 
 
7.777 
 
7.633 
 
7.401 
 
7.694 
 
8.012 
 
7.213 
 
6.312 
 
7.748 
 
7.773 
 
7.713 
 
7.678 
 
7.530 
 
7.193 
 
7.583 
 
7.833 
 
7.679 
 
7.648 
 
7.087 
 
6.891 
 
7.621 
 
7.824 
 
7.263 
 
7.852 
 
6.833 
 
8.299 
 
6.971 
 
7.313 
 
6.479 
 
8.471 
 
7.571 
 
7.450 
 
7.861 
 
6.769 
 
7.276 
 
7.668 
 
6.690 
 
7.188 
 
7.635 
 
7.752 
 
8.395 
 
7.199 
 
7.018 
 
7.170 
 
7.484 
 
7.300 
 
7.280 
 
7.193 
 
6.831 
 
7.395 
 
7.328 
 
6.820 
 
7.052 
 
7.477 
 
7.350 
 
7.593 
 
7.272 
 
6.918 
 
7.566 
 
7.886 
 
7.521 
 
6.869 
 
7.930 
 
7.049 
 
7.395 
 
7.118 
 
7.200 
 
7.074 
 
8.810 
 
7.987 
 
7.721 
 
7.651 
 
7.465 
 
7.777 
 
8.287 
 
6.935 
 
7.711 
 
7.657 
 
7.999 
 
7.438 
 
7.212 
 
7.903 
 
7.475 
 
7.237 
 
8.065 
 
7.714 
 
7.954 
 
7.503 
 
6.773 
 
7.158 
 
8.037 
 
7.694 
 
7.289 
 
6.720 
 
6.848 
 
7.753 
 
8.285 
 
7.088 
 
7.605 
 
7.155 
 
7.004 
 
8.105 
 
7.255 
 
7.091 
 
7.874 
 
7.126 
 
7.463 
 
6.770 
 
7.786 
 
7.525 
 
7.562 
 
7.525 
 
6.392 
 
7.454 
 
7.208 
 
6.759 
 
6.403 
 
7.721 
 
7.310 
 
7.295 
 
7.592 
 
7.262 
 
6.759 
 
7.427 
 
8.157 
 
7.386 
 
7.919 
 
7.606 
 
7.370 
 
7.200 
 
7.175 
 
7.355 
 
7.521 
 
7.156 
 
8.076 
 
7.491 
 
7.722 
 
7.252 
 
7.686 
 
7.100 
 
7.405 
 
7.779 
 
6.821 
 
7.678 
 
7.397 
 
7.105 
 
6.974 
 
7.393 
 
7.098 
 
7.768 
 
7.405 
 
7.700 
 
7.687 
 
6.904 
 
7.239 
 
7.835 
 
8.140 
 
7.028 
 
8.279 
 
7.589 
 
7.629 
 
7.556 
 
8.150 
 
7.340 
 
6.935 
 
7.096 
 
7.118 
 
6.906 
 
7.039 
 
7.161 
 
7.159 
 
7.067 
 
7.523 
 
7.608 
 
7.628 
 
7.187 
 
6.892 
 
7.286 
 
7.448 
 
7.065 
 
7.536 
 
6.720 
 
7.380 
 
7.345 
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Table D-49 – System strength distribution for WF3 (Dn=1.2 kN/m). 
System strength Failure Step 
[kN/m] [-] 
7.554 20 
7.522 19 
7.455 19 
7.699 19 
7.590 20 
7.280 17 
8.230 22 
7.418 22 
6.675 18 
8.050 18 
7.360 16 
7.838 20 
7.161 21 
7.275 19 
7.395 19 
7.007 19 
7.063 18 
7.141 22 
7.651 19 
7.331 19 
7.218 21 
6.916 20 
7.944 18 
7.016 20 
7.771 20 
7.734 19 
7.627 20 
7.545 22 
7.447 19 
7.489 18 
7.640 21 
8.295 21 
7.320 19 
7.686 21 
7.729 25 
7.452 18 
7.315 20 
7.352 18 
7.735 20 
7.850 18 
7.847 18 
7.859 21 
7.750 19 
6.882 16 
6.991 20 
7.110 20 
7.155 19 
7.764 22 
8.278 22 
7.494 20 
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Table D-50 – System strength distribution for WF3 (Dn=0.8 kN/m). 
System strength Failure Step 
[kN/m] [-] 
7.141 18 
7.383 20 
8.125 20 
7.957 18 
7.605 19 
8.512 20 
7.726 16 
7.968 22 
7.246 19 
7.494 20 
7.297 19 
7.292 19 
7.497 18 
7.967 19 
7.508 19 
7.212 22 
8.034 20 
7.104 20 
7.086 21 
7.800 20 
7.538 21 
7.826 20 
7.180 19 
6.981 21 
7.931 19 
6.978 20 
7.851 19 
7.244 22 
7.060 20 
7.714 19 
7.521 19 
8.178 20 
7.815 18 
7.869 22 
7.445 19 
7.294 18 
8.379 22 
8.131 19 
7.019 19 
6.922 19 
7.792 22 
7.333 19 
6.907 21 
7.670 18 
7.458 18 
7.389 20 
8.168 21 
7.271 20 
7.983 20 
7.649 19 
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Table D-51 – System strength distribution for WF4 (Dn=1.8 kN/m). 
System strength Failure Step System strength Failure Step System strength Failure Step System strength Failure Step 
[kN/m] [-] [kN/m] [-] [kN/m] [-] [kN/m] [-] 
15.544 45 11.011 34 10.663 34 13.502 0 
12.938 0 11.370 0 8.609 0 9.953 35 
9.089 80 12.368 90 15.904 54 15.128 38 
10.356 189 15.287 137 12.662 50 13.986 0 
12.531 56 15.485 44 11.011 37 9.544 73 
9.923 84 10.727 30 10.090 60 11.436 49 
8.930 114 9.738 29 13.736 68 7.887 67 
16.760 76 14.129 51 15.293 33 13.027 30 
10.739 41 15.479 51 10.568 26 16.294 64 
15.209 49 12.710 41 14.451 38 15.038 41 
12.594 0 9.632 100 12.087 80 11.629 0 
9.307 34 11.316 38 9.800 78 11.942 49 
11.781 44 14.294 118 9.834 37 10.656 36 
11.626 80 10.191 42 10.688 34 12.083 74 
12.041 29 10.005 38 10.185 32 8.371 53 
9.623 76 15.631 106 10.614 23 12.153 28 
9.622 25 10.269 76 10.498 76 11.685 85 
13.268 106 12.197 0 12.630 46 12.733 31 
10.892 25 14.370 100 9.077 44 11.869 34 
9.787 85 10.245 36 9.988 42 13.947 44 
10.025 118 8.394 36 10.514 68 10.971 31 
10.394 75 13.951 31 12.244 34 11.420 45 
12.377 56 12.190 38 13.109 195 12.564 0 
9.068 61 9.205 45 9.678 29 11.405 36 
8.846 60 11.814 47 16.369 53 9.763 0 
11.791 0 10.831 89 10.393 24 9.832 0 
13.387 39 10.222 33 10.459 70 11.206 65 
9.415 31 10.351 29 14.505 76 13.233 58 
15.315 42 10.123 64 10.217 98 9.159 32 
10.866 66 10.306 36 12.637 29 13.148 0 
13.406 31 11.588 0 15.845 39 12.710 34 
9.429 49 9.101 59 10.324 68 13.616 36 
9.582 0 13.179 0 9.321 67 10.861 57 
9.006 57 11.135 30 12.173 145 13.379 108 
10.395 77 11.027 27 11.940 46 14.013 48 
14.020 79 12.913 64 13.074 35 13.527 147 
8.426 26 16.789 44 10.981 30 12.540 38 
16.513 41 9.367 140 10.552 91 11.503 47 
13.574 44 10.550 36 16.767 60 12.352 39 
15.810 57 12.961 96 9.995 31 11.740 33 
9.981 62 10.745 37 13.363 47 15.475 37 
15.575 36 12.627 41 13.680 33 10.996 32 
13.308 102 10.151 36 9.597 82 9.444 62 
9.924 38 8.333 54 8.844 86 12.610 0 
13.221 0 11.262 35 14.790 46 9.903 63 
9.190 0 11.153 62 8.483 50 10.694 65 
10.108 158 8.406 114 11.407 69 11.420 73 
16.980 46 9.941 100 12.328 34 11.377 79 
10.124 97 10.753 0 10.572 36 10.843 42 
10.318 34 10.341 34 10.987 0 12.104 96 
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Table D-52 – System strength distribution for WF4 (Dn=2.4 kN/m). 
System strength Failure Step 
[kN/m] [-] 
14.584 0 
10.782 74 
9.759 82 
11.577 92 
9.476 0 
9.654 60 
12.537 59 
12.348 119 
10.001 36 
15.224 59 
9.895 69 
9.149 87 
12.035 37 
12.891 36 
10.855 39 
13.205 102 
11.308 0 
12.589 104 
14.643 50 
12.815 104 
9.909 32 
12.161 37 
12.729 52 
13.356 38 
8.518 75 
8.619 59 
9.855 100 
9.864 61 
8.841 66 
15.175 55 
10.492 77 
12.973 32 
9.337 127 
12.606 0 
12.541 48 
14.703 53 
10.480 76 
12.557 80 
11.440 32 
9.563 60 
9.953 74 
14.039 76 
9.664 67 
9.547 113 
10.834 44 
10.514 0 
11.674 36 
9.097 40 
11.069 41 
11.975 46 
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Table D-53 – System strength distribution for WF4 (Dn=1.0 kN/m). 
System strength Failure Step 
[kN/m] [-] 
10.710 43 
10.553 49 
8.460 39 
9.992 39 
11.878 0 
9.603 41 
13.679 41 
11.004 0 
10.748 0 
13.815 43 
10.774 45 
15.250 44 
9.689 38 
9.359 0 
7.251 0 
13.199 0 
9.111 55 
10.334 35 
11.660 47 
11.665 57 
9.631 0 
10.583 31 
13.925 47 
10.510 38 
11.838 30 
10.271 43 
12.290 0 
10.827 76 
13.271 48 
13.093 49 
15.253 38 
12.843 26 
14.679 50 
10.964 55 
13.234 0 
13.899 0 
15.148 57 
13.767 44 
12.738 33 
15.227 40 
9.961 25 
10.154 42 
9.820 24 
11.691 58 
11.937 42 
14.011 36 
9.648 43 
12.437 40 
13.681 49 
15.838 52 
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APPENDIX E – RELIABILITY ANALYSIS OF STORAGE RACK FRAMES 
 
This appendix provides further detail on the reliability analysis of storage rack frames. 
 
Tables E-1 and E-2 relate system reliability indices and system resistance factors for the 
representative rack frames (undamaged) assuming no model uncertainty. 
Tables E-3 and E-14 relate system reliability indices and system resistance factors for the 
representative rack frames (undamaged) assuming different scenarios of model uncertainty. 
Tables E-15 and E-16 relate system reliability indices and system resistance factors for the 
representative rack frames (undamaged) using a nominal model without member and sectional 
imperfections and assuming no model uncertainty. 
 
 
 
  
Table E-1 –-s for unweighted unit/pallet live load and no model uncertainty. 
System Reliability Index –  [-] 
System Resistance Factor - s [] 
SR1 SR1a SR1b SR2 SR2a SR2b SR3 SR3a SR3b SR4 SR4a SR4b SR5 SR5a SR5b 
2.0 1.019 1.016 0.995 1.033 1.036 1.028 1.028 1.024 1.030 0.991 1.009 0.999 1.004 1.008 1.016 
2.5 0.937 0.934 0.908 0.951 0.956 0.950 0.948 0.944 0.955 0.908 0.926 0.915 0.922 0.924 0.935 
3.0 0.864 0.860 0.830 0.878 0.885 0.880 0.877 0.873 0.888 0.833 0.852 0.839 0.850 0.848 0.864 
3.5 0.798 0.794 0.759 0.813 0.821 0.817 0.813 0.809 0.828 0.765 0.785 0.770 0.785 0.780 0.799 
4.0 0.738 0.734 0.693 0.754 0.764 0.760 0.755 0.750 0.775 0.703 0.724 0.707 0.725 0.717 0.740 
4.5 0.683 0.678 0.632 0.699 0.711 0.708 0.701 0.697 0.726 0.646 0.668 0.648 0.670 0.659 0.687 
 
Table E-2 –-s for weighted unit/pallet live load and no model uncertainty. 
System Reliability Index –  [-] 
System Resistance Factor - s [] 
SR1 SR1a SR1b SR2 SR2a SR2b SR3 SR3a SR3b SR4 SR4a SR4b SR5 SR5a SR5b 
2.0 1.010 1.007 0.983 1.024 1.028 1.022 1.020 1.017 1.026 0.980 0.999 0.988 0.994 0.997 1.008 
2.5 0.939 0.935 0.906 0.954 0.960 0.954 0.951 0.947 0.962 0.907 0.927 0.914 0.924 0.923 0.938 
3.0 0.873 0.869 0.834 0.889 0.897 0.892 0.888 0.884 0.903 0.840 0.860 0.845 0.859 0.855 0.874 
3.5 0.813 0.809 0.767 0.830 0.840 0.835 0.830 0.825 0.850 0.777 0.798 0.781 0.799 0.792 0.815 
4.0 0.756 0.752 0.705 0.774 0.786 0.783 0.776 0.771 0.801 0.718 0.741 0.721 0.743 0.732 0.760 
4.5 0.704 0.699 0.645 0.723 0.737 0.734 0.726 0.721 0.756 0.663 0.687 0.665 0.690 0.677 0.709 
 
Table E-3 –-s for unweighted unit/pallet live load and scenario of model uncertainty M0. 
System Reliability Index –  [-] 
System Resistance Factor - s [] 
SR1 SR1a SR1b SR2 SR2a SR2b SR3 SR3a SR3b SR4 SR4a SR4b SR5 SR5a SR5b 
2.0 1.082 1.079 1.058 1.098 1.101 1.096 1.092 1.093 1.096 1.054 1.073 1.065 1.070 1.070 1.081 
2.5 0.982 0.978 0.954 0.999 1.004 1.000 0.994 0.996 1.004 0.953 0.972 0.963 0.972 0.967 0.983 
3.0 0.891 0.887 0.858 0.909 0.916 0.913 0.905 0.909 0.921 0.861 0.881 0.870 0.883 0.873 0.894 
3.5 0.807 0.803 0.769 0.827 0.836 0.834 0.824 0.829 0.845 0.776 0.797 0.784 0.802 0.787 0.813 
4.0 0.730 0.725 0.686 0.751 0.762 0.762 0.749 0.755 0.776 0.698 0.719 0.705 0.727 0.707 0.738 
4.5 0.657 0.652 0.607 0.680 0.693 0.695 0.680 0.686 0.712 0.624 0.646 0.630 0.656 0.631 0.668 
 
Table E-4 –-s for weighted unit/pallet live load and scenario of model uncertainty M0. 
System Reliability Index –  [-] 
System Resistance Factor - s [] 
SR1 SR1a SR1b SR2 SR2a SR2b SR3 SR3a SR3b SR4 SR4a SR4b SR5 SR5a SR5b 
2.0 1.066 1.062 1.040 1.083 1.087 1.082 1.077 1.079 1.084 1.037 1.056 1.047 1.055 1.052 1.066 
2.5 0.976 0.972 0.944 0.994 1.000 0.997 0.990 0.992 1.003 0.945 0.966 0.955 0.967 0.959 0.978 
3.0 0.892 0.887 0.855 0.911 0.920 0.918 0.908 0.912 0.927 0.860 0.881 0.869 0.885 0.872 0.896 
3.5 0.666 0.808 0.770 0.834 0.845 0.844 0.832 0.837 0.857 0.780 0.802 0.787 0.808 0.790 0.820 
4.0 0.738 0.733 0.689 0.761 0.774 0.775 0.760 0.767 0.792 0.703 0.726 0.710 0.736 0.712 0.748 
4.5 0.666 0.661 0.611 0.691 0.707 0.709 0.692 0.700 0.730 0.630 0.654 0.636 0.667 0.637 0.679 
 
  
Table E-5 –-s for unweighted unit/pallet live load and scenario of model uncertainty M1. 
System Reliability Index –  [-] 
System Resistance Factor - s [] 
SR1 SR1a SR1b SR2 SR2a SR2b SR3 SR3a SR3b SR4 SR4a SR4b SR5 SR5a SR5b 
2.0 1.031 1.046 1.025 1.063 1.064 1.054 1.043 1.054 1.058 1.002 1.038 1.030 1.030 1.038 1.047 
2.5 0.917 0.937 0.911 0.954 0.957 0.947 0.932 0.947 0.955 0.887 0.928 0.919 0.921 0.926 0.941 
3.0 0.811 0.837 0.806 0.855 0.859 0.849 0.829 0.848 0.861 0.780 0.827 0.817 0.822 0.824 0.843 
3.5 0.712 0.744 0.708 0.762 0.768 0.758 0.734 0.757 0.774 0.680 0.733 0.721 0.729 0.728 0.752 
4.0 0.618 0.656 0.614 0.675 0.683 0.673 0.644 0.672 0.693 0.584 0.644 0.630 0.641 0.638 0.667 
4.5 0.528 0.573 0.524 0.593 0.602 0.592 0.557 0.590 0.617 0.491 0.559 0.544 0.557 0.551 0.586 
 
Table E-6 –-s for weighted unit/pallet live load and scenario of model uncertainty M1. 
System Reliability Index –  [-] 
System Resistance Factor - s [] 
SR1 SR1a SR1b SR2 SR2a SR2b SR3 SR3a SR3b SR4 SR4a SR4b SR5 SR5a SR5b 
2.0 1.009 1.026 1.003 1.043 1.045 1.035 1.022 1.034 1.040 0.979 1.017 1.009 1.010 1.016 1.028 
2.5 0.903 0.926 0.898 0.943 0.947 0.937 0.919 0.936 0.946 0.872 0.916 0.906 0.910 0.914 0.930 
3.0 0.803 0.832 0.798 0.850 0.855 0.845 0.823 0.844 0.859 0.771 0.821 0.810 0.816 0.817 0.839 
3.5 0.707 0.742 0.702 0.761 0.769 0.758 0.731 0.757 0.776 0.673 0.730 0.717 0.726 0.725 0.752 
4.0 0.615 0.656 0.610 0.676 0.685 0.675 0.642 0.673 0.698 0.579 0.643 0.628 0.640 0.636 0.669 
4.5 0.524 0.573 0.520 0.594 0.605 0.595 0.556 0.592 0.622 0.486 0.558 0.542 0.557 0.550 0.588 
 
Table E-7 –-s for unweighted unit/pallet live load and scenario of model uncertainty M2. 
System Reliability Index –  [-] 
System Resistance Factor - s [] 
SR1 SR1a SR1b SR2 SR2a SR2b SR3 SR3a SR3b SR4 SR4a SR4b SR5 SR5a SR5b 
2.0 0.962 0.961 0.937 0.974 0.977 0.974 0.980 0.973 0.973 0.934 0.952 0.946 0.951 0.966 0.959 
2.5 0.829 0.829 0.799 0.841 0.846 0.845 0.852 0.844 0.848 0.801 0.819 0.812 0.822 0.835 0.828 
3.0 0.703 0.705 0.668 0.716 0.723 0.724 0.732 0.722 0.730 0.675 0.693 0.685 0.699 0.711 0.705 
3.5 0.583 0.585 0.541 0.596 0.605 0.609 0.618 0.606 0.618 0.554 0.572 0.563 0.582 0.593 0.587 
4.0 0.465 0.469 0.417 0.480 0.491 0.497 0.507 0.493 0.509 0.435 0.454 0.444 0.468 0.478 0.472 
4.5 0.348 0.353 0.291 0.364 0.378 0.387 0.398 0.382 0.403 0.316 0.336 0.324 0.354 0.364 0.358 
 
Table E-8 –-s for weighted unit/pallet live load and scenario of model uncertainty M2. 
System Reliability Index –  [-] 
System Resistance Factor - s [] 
SR1 SR1a SR1b SR2 SR2a SR2b SR3 SR3a SR3b SR4 SR4a SR4b SR5 SR5a SR5b 
2.0 0.933 0.933 0.908 0.946 0.949 0.946 0.954 0.945 0.947 0.906 0.924 0.917 0.924 0.917 0.931 
2.5 0.808 0.809 0.777 0.821 0.826 0.826 0.833 0.824 0.829 0.780 0.798 0.791 0.801 0.787 0.808 
3.0 0.687 0.689 0.650 0.700 0.708 0.709 0.718 0.707 0.716 0.658 0.676 0.668 0.684 0.663 0.689 
3.5 0.569 0.572 0.526 0.583 0.593 0.597 0.606 0.594 0.606 0.540 0.558 0.549 0.569 0.541 0.574 
4.0 0.453 0.457 0.404 0.468 0.480 0.486 0.496 0.482 0.499 0.422 0.441 0.431 0.456 0.420 0.460 
4.5 0.337 0.342 0.280 0.353 0.367 0.376 0.387 0.372 0.393 0.305 0.325 0.313 0.344 0.299 0.347 
 
  
Table E-9 –-s for unweighted unit/pallet live load and scenario of model uncertainty M3. 
System Reliability Index –  [-] 
System Resistance Factor - s [] 
SR1 SR1a SR1b SR2 SR2a SR2b SR3 SR3a SR3b SR4 SR4a SR4b SR5 SR5a SR5b 
2.0 1.036 1.031 1.006 1.050 1.051 1.043 1.043 1.039 1.047 1.005 1.023 1.016 1.019 1.021 1.031 
2.5 0.941 0.935 0.904 0.955 0.957 0.951 0.950 0.945 0.958 0.909 0.926 0.919 0.925 0.922 0.937 
3.0 0.854 0.848 0.811 0.870 0.873 0.868 0.866 0.860 0.879 0.821 0.838 0.830 0.840 0.833 0.853 
3.5 0.775 0.768 0.725 0.792 0.796 0.792 0.788 0.782 0.807 0.740 0.758 0.749 0.761 0.750 0.775 
4.0 0.702 0.694 0.644 0.720 0.725 0.722 0.717 0.710 0.741 0.664 0.683 0.673 0.689 0.673 0.703 
4.5 0.634 0.625 0.568 0.652 0.659 0.657 0.651 0.643 0.680 0.593 0.612 0.601 0.621 0.600 0.636 
 
Table E-10 –-s for weighted unit/pallet live load and scenario of model uncertainty M3. 
System Reliability Index –  [-] 
System Resistance Factor - s [] 
SR1 SR1a SR1b SR2 SR2a SR2b SR3 SR3a SR3b SR4 SR4a SR4b SR5 SR5a SR5b 
2.0 1.021 1.015 0.987 1.035 1.037 1.030 1.029 1.024 1.035 0.989 1.007 1.000 1.004 1.004 1.017 
2.5 0.935 0.929 0.895 0.951 0.954 0.948 0.946 0.940 0.957 0.901 0.919 0.912 0.920 0.915 0.933 
3.0 0.856 0.849 0.808 0.872 0.877 0.872 0.868 0.862 0.885 0.820 0.838 0.829 0.841 0.831 0.855 
3.5 0.781 0.773 0.725 0.799 0.804 0.801 0.796 0.789 0.819 0.743 0.762 0.752 0.767 0.753 0.781 
4.0 0.711 0.702 0.646 0.730 0.736 0.733 0.728 0.720 0.756 0.669 0.689 0.678 0.697 0.678 0.712 
4.5 0.643 0.634 0.570 0.664 0.672 0.670 0.663 0.654 0.697 0.599 0.620 0.607 0.630 0.606 0.646 
 
Table E-11 –-s for unweighted unit/pallet live load and scenario of model uncertainty M4. 
System Reliability Index –  [-] 
System Resistance Factor - s [] 
SR1 SR1a SR1b SR2 SR2a SR2b SR3 SR3a SR3b SR4 SR4a SR4b SR5 SR5a SR5b 
2.0 0.999 0.995 0.979 1.015 1.017 1.011 1.008 1.005 1.009 0.974 0.990 0.980 0.984 0.989 0.998 
2.5 0.894 0.890 0.870 0.911 0.915 0.910 0.906 0.903 0.910 0.870 0.885 0.873 0.880 0.882 0.895 
3.0 0.797 0.794 0.770 0.816 0.822 0.818 0.812 0.808 0.821 0.773 0.788 0.774 0.785 0.784 0.801 
3.5 0.708 0.704 0.676 0.728 0.735 0.732 0.725 0.721 0.738 0.683 0.698 0.681 0.697 0.693 0.714 
4.0 0.623 0.619 0.587 0.645 0.654 0.653 0.643 0.639 0.661 0.598 0.613 0.594 0.613 0.606 0.632 
4.5 0.542 0.538 0.501 0.567 0.577 0.577 0.565 0.561 0.588 0.517 0.532 0.510 0.534 0.523 0.554 
 
Table E-12 –-s for weighted unit/pallet live load and scenario of model uncertainty M4. 
System Reliability Index –  [-] 
System Resistance Factor - s [] 
SR1 SR1a SR1b SR2 SR2a SR2b SR3 SR3a SR3b SR4 SR4a SR4b SR5 SR5a SR5b 
2.0 0.979 0.975 0.958 0.996 0.999 0.993 0.989 0.986 0.992 0.954 0.970 0.959 0.964 0.968 0.979 
2.5 0.883 0.879 0.857 0.901 0.906 0.901 0.896 0.893 0.902 0.858 0.873 0.860 0.869 0.870 0.885 
3.0 0.792 0.788 0.762 0.812 0.818 0.815 0.808 0.804 0.819 0.767 0.782 0.766 0.780 0.778 0.797 
3.5 0.705 0.701 0.671 0.728 0.736 0.733 0.724 0.721 0.740 0.680 0.696 0.677 0.695 0.689 0.713 
4.0 0.622 0.618 0.583 0.647 0.657 0.655 0.644 0.641 0.665 0.597 0.612 0.591 0.613 0.604 0.633 
4.5 0.542 0.537 0.498 0.568 0.580 0.580 0.567 0.563 0.592 0.515 0.531 0.507 0.533 0.521 0.556 
 
  
Table E-13 –-s for unweighted unit/pallet live load and scenario of model uncertainty M5. 
System Reliability Index –  [-] 
System Resistance Factor - s [] 
SR1 SR1a SR1b SR2 SR2a SR2b SR3 SR3a SR3b SR4 SR4a SR4b SR5 SR5a SR5b 
2.0 0.923 0.915 0.898 0.926 0.930 0.928 0.930 0.923 0.931 0.894 0.908 0.902 0.909 0.909 0.919 
2.5 0.797 0.789 0.767 0.797 0.804 0.804 0.807 0.799 0.812 0.768 0.781 0.774 0.785 0.781 0.795 
3.0 0.679 0.669 0.643 0.677 0.686 0.688 0.691 0.681 0.700 0.648 0.661 0.653 0.669 0.660 0.678 
3.5 0.566 0.554 0.524 0.561 0.572 0.578 0.580 0.568 0.594 0.533 0.545 0.536 0.557 0.543 0.567 
4.0 0.456 0.442 0.406 0.448 0.462 0.470 0.472 0.459 0.491 0.421 0.432 0.422 0.448 0.429 0.458 
4.5 0.347 0.331 0.288 0.335 0.353 0.364 0.366 0.350 0.390 0.308 0.320 0.308 0.340 0.315 0.351 
 
Table E-14 –-s for weighted unit/pallet live load and scenario of model uncertainty M5. 
System Reliability Index –  [-] 
System Resistance Factor - s [] 
SR1 SR1a SR1b SR2 SR2a SR2b SR3 SR3a SR3b SR4 SR4a SR4b SR5 SR5a SR5b 
2.0 0.896 0.899 0.870 0.898 0.903 0.902 0.904 0.897 0.906 0.867 0.881 0.875 0.883 0.882 0.892 
2.5 0.778 0.782 0.746 0.777 0.785 0.786 0.788 0.779 0.794 0.748 0.761 0.754 0.766 0.761 0.776 
3.0 0.664 0.669 0.626 0.661 0.671 0.674 0.676 0.666 0.687 0.633 0.645 0.637 0.654 0.644 0.664 
3.5 0.554 0.560 0.509 0.548 0.560 0.566 0.568 0.556 0.584 0.520 0.532 0.523 0.545 0.530 0.555 
4.0 0.445 0.453 0.394 0.436 0.451 0.460 0.462 0.448 0.482 0.409 0.421 0.410 0.437 0.417 0.447 
4.5 0.336 0.346 0.277 0.324 0.343 0.354 0.356 0.340 0.381 0.298 0.309 0.298 0.330 0.305 0.340 
 
Table E-15 –-s for unweighted unit/pallet live load using a nominal model without member and sectional imperfections and no model uncertainty. 
System Reliability Index –  [-] 
System Resistance Factor - s [] 
SR1 SR1a SR1b SR2 SR2a SR2b SR3 SR3a SR3b SR4 SR4a SR4b SR5 SR5a SR5b 
2.0 1.018 1.016 0.995 1.028 1.036 1.028 1.029 1.024 1.030 0.912 1.009 0.999 0.976 1.008 1.016 
2.5 0.936 0.934 0.908 0.947 0.956 0.950 0.949 0.944 0.955 0.835 0.926 0.915 0.897 0.924 0.935 
3.0 0.863 0.860 0.830 0.875 0.885 0.880 0.877 0.873 0.888 0.767 0.852 0.839 0.826 0.848 0.864 
3.5 0.797 0.794 0.759 0.810 0.821 0.817 0.813 0.809 0.828 0.705 0.785 0.770 0.763 0.780 0.799 
4.0 0.737 0.734 0.693 0.750 0.764 0.760 0.755 0.750 0.775 0.648 0.724 0.707 0.705 0.717 0.740 
4.5 0.682 0.678 0.632 0.696 0.711 0.708 0.702 0.697 0.726 0.595 0.668 0.648 0.651 0.659 0.687 
 
Table E-16 –-s for weighted unit/pallet live load using a nominal model without member and sectional imperfections and no model uncertainty. 
System Reliability Index –  [-] 
System Resistance Factor - s [] 
SR1 SR1a SR1b SR2 SR2a SR2b SR3 SR3a SR3b SR4 SR4a SR4b SR5 SR5a SR5b 
2.0 1.007 0.983 0.917 1.028 1.022 0.920 1.017 1.026 0.803 0.999 0.988 0.866 0.997 1.008 1.007 
2.5 0.935 0.906 0.950 0.960 0.954 0.952 0.947 0.962 0.835 0.927 0.914 0.898 0.923 0.938 0.935 
3.0 0.869 0.834 0.885 0.897 0.892 0.889 0.884 0.903 0.773 0.860 0.845 0.835 0.855 0.874 0.869 
3.5 0.809 0.767 0.826 0.840 0.835 0.831 0.825 0.850 0.715 0.798 0.781 0.777 0.792 0.815 0.809 
4.0 0.752 0.705 0.771 0.786 0.783 0.777 0.771 0.801 0.661 0.741 0.721 0.722 0.732 0.760 0.752 
4.5 0.699 0.645 0.719 0.737 0.734 0.726 0.721 0.756 0.610 0.687 0.665 0.671 0.677 0.709 0.699 
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APPENDIX F – RELIABILITY ANALYSIS OF CF PORTAL FRAMES 
UNDER GRAVITY LOADS ONLY 
 
This appendix provides further detail on the reliability analysis of CF portal frames under gravity 
loads only. 
 
Tables F-1 to F-16 relate system reliability indices and system resistance factors for the 
representative CF portal frames assuming that system strength follows (i) a lognormal distribution 
and (ii) a normal distribution. 
Tables F-17 to F-20 relate system reliability indices and system resistance factors for the 
representative CF portal frames using a nominal model with sectional imperfections and assuming 
that system strength follows a lognormal distribution. 
Tables F-21 to F-24 relate system reliability indices and system resistance factors for the 
representative CF portal frames using a nominal model without member (and sectional) 
imperfections and assuming that system strength follows  a lognormal distribution. 
 
Table F-1 – Portal Frame PF1: -s assuming that system strength follows a lognormal distribution. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 5.157 4.622 4.090 3.722 3.578 3.455 
0.625 4.877 4.404 3.910 3.564 3.428 3.312 
0.650 4.604 4.193 3.736 3.412 3.284 3.175 
0.675 4.336 3.987 3.568 3.265 3.145 3.042 
0.700 4.075 3.786 3.404 3.122 3.011 2.915 
0.725 3.820 3.589 3.244 2.984 2.881 2.791 
0.750 3.570 3.396 3.089 2.850 2.754 2.671 
0.775 3.327 3.206 2.936 2.719 2.631 2.554 
0.800 3.089 3.019 2.787 2.591 2.511 2.441 
0.825 2.858 2.835 2.640 2.466 2.394 2.330 
0.850 2.633 2.652 2.495 2.343 2.279 2.222 
0.875 2.414 2.472 2.353 2.223 2.166 2.116 
0.900 2.200 2.294 2.212 2.105 2.056 2.012 
0.925 1.992 2.118 2.073 1.988 1.948 1.911 
0.950 1.790 1.944 1.936 1.873 1.841 1.811 
0.975 1.593 1.772 1.799 1.760 1.736 1.713 
1.000 1.402 1.603 1.664 1.648 1.632 1.616 
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Table F-2 – Portal Frame PF1: -s assuming that system strength follows a normal distribution. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 4.604 4.428 4.022 3.692 3.558 3.442 
0.625 4.381 4.228 3.849 3.538 3.412 3.301 
0.650 4.161 4.033 3.682 3.390 3.271 3.166 
0.675 3.944 3.841 3.519 3.246 3.134 3.036 
0.700 3.729 3.653 3.361 3.107 3.002 2.910 
0.725 3.518 3.469 3.206 2.971 2.874 2.788 
0.750 3.310 3.287 3.055 2.840 2.749 2.670 
0.775 3.105 3.108 2.907 2.711 2.628 2.555 
0.800 2.903 2.932 2.761 2.585 2.510 2.442 
0.825 2.704 2.758 2.618 2.462 2.394 2.333 
0.850 2.507 2.585 2.477 2.341 2.281 2.226 
0.875 2.314 2.415 2.338 2.223 2.170 2.121 
0.900 2.124 2.247 2.201 2.106 2.061 2.019 
0.925 1.937 2.080 2.065 1.991 1.953 1.918 
0.950 1.752 1.916 1.931 1.878 1.848 1.819 
0.975 1.571 1.753 1.798 1.766 1.744 1.722 
1.000 1.392 1.592 1.666 1.656 1.642 1.626 
 
Table F-3 – Portal Frame PF1a: -s assuming that system strength follows a lognormal 
distribution. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 5.169 4.623 4.086 3.716 3.572 3.448 
0.625 4.888 4.404 3.906 3.558 3.422 3.305 
0.650 4.613 4.192 3.731 3.405 3.278 3.168 
0.675 4.344 3.986 3.562 3.258 3.138 3.035 
0.700 4.081 3.784 3.398 3.115 3.004 2.907 
0.725 3.825 3.586 3.238 2.977 2.873 2.783 
0.750 3.573 3.392 3.082 2.842 2.746 2.663 
0.775 3.328 3.202 2.929 2.711 2.623 2.546 
0.800 3.089 3.014 2.779 2.583 2.503 2.432 
0.825 2.855 2.828 2.632 2.457 2.385 2.321 
0.850 2.628 2.645 2.487 2.334 2.270 2.213 
0.875 2.407 2.464 2.344 2.214 2.157 2.107 
0.900 2.192 2.285 2.202 2.095 2.047 2.003 
0.925 1.982 2.108 2.063 1.978 1.938 1.901 
0.950 1.778 1.933 1.924 1.863 1.831 1.801 
0.975 1.580 1.760 1.787 1.749 1.725 1.702 
1.000 1.386 1.589 1.652 1.636 1.621 1.606 
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Table F-4 – Portal Frame PF1a: -s assuming that system strength follows a normal distribution. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 4.640 4.442 4.023 3.689 3.554 3.437 
0.625 4.413 4.240 3.849 3.535 3.407 3.296 
0.650 4.189 4.043 3.681 3.386 3.266 3.161 
0.675 3.968 3.849 3.518 3.241 3.129 3.030 
0.700 3.750 3.660 3.358 3.102 2.996 2.904 
0.725 3.535 3.474 3.203 2.966 2.868 2.782 
0.750 3.324 3.291 3.051 2.833 2.743 2.663 
0.775 3.115 3.110 2.902 2.704 2.621 2.547 
0.800 2.910 2.932 2.756 2.578 2.502 2.435 
0.825 2.708 2.757 2.612 2.454 2.386 2.325 
0.850 2.509 2.583 2.470 2.333 2.272 2.218 
0.875 2.313 2.411 2.331 2.214 2.161 2.112 
0.900 2.120 2.242 2.193 2.097 2.051 2.010 
0.925 1.930 2.073 2.056 1.982 1.944 1.909 
0.950 1.743 1.907 1.921 1.868 1.838 1.809 
0.975 1.559 1.743 1.787 1.756 1.734 1.712 
1.000 4.640 1.580 1.654 1.645 1.631 1.616 
 
Table F-5 – Portal Frame PF2: -s assuming that system strength follows a lognormal distribution. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 6.103 5.197 4.489 4.034 3.862 3.716 
0.625 5.812 4.971 4.302 3.871 3.708 3.569 
0.650 5.528 4.752 4.122 3.714 3.559 3.427 
0.675 5.251 4.540 3.949 3.562 3.416 3.291 
0.700 4.980 4.334 3.781 3.416 3.278 3.160 
0.725 4.715 4.134 3.618 3.275 3.145 3.034 
0.750 4.454 3.937 3.459 3.138 3.016 2.911 
0.775 4.196 3.745 3.304 3.005 2.890 2.792 
0.800 3.942 3.556 3.153 2.875 2.768 2.677 
0.825 3.691 3.370 3.005 2.748 2.649 2.564 
0.850 3.442 3.186 2.859 2.624 2.533 2.455 
0.875 3.197 3.005 2.716 2.503 2.419 2.348 
0.900 2.955 2.824 2.575 2.384 2.308 2.243 
0.925 2.716 2.645 2.436 2.267 2.199 2.140 
0.950 2.482 2.467 2.298 2.151 2.092 2.039 
0.975 2.253 2.290 2.161 2.038 1.986 1.941 
1.000 2.029 2.113 2.026 1.925 1.882 1.843 
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Table F-6 – Portal Frame PF2: -s assuming that system strength follows a normal distribution. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 5.899 5.143 4.473 4.029 3.860 3.716 
0.625 5.624 4.922 4.288 3.867 3.707 3.569 
0.650 5.356 4.708 4.110 3.711 3.559 3.429 
0.675 5.093 4.500 3.939 3.561 3.417 3.293 
0.700 4.834 4.298 3.772 3.416 3.279 3.163 
0.725 4.581 4.101 3.611 3.275 3.147 3.037 
0.750 4.331 3.908 3.453 3.139 3.018 2.914 
0.775 4.084 3.718 3.300 3.007 2.893 2.796 
0.800 3.841 3.532 3.150 2.877 2.772 2.681 
0.825 3.600 3.349 3.003 2.751 2.653 2.569 
0.850 3.363 3.168 2.858 2.628 2.537 2.460 
0.875 3.129 2.988 2.716 2.507 2.424 2.353 
0.900 2.898 2.810 2.576 2.388 2.313 2.248 
0.925 2.671 2.634 2.437 2.272 2.204 2.146 
0.950 2.447 2.458 2.300 2.157 2.098 2.046 
0.975 2.228 2.283 2.165 2.044 1.992 1.947 
1.000 2.012 2.109 2.030 1.932 1.889 1.850 
 
Table F-7 – Portal Frame PF2a: -s assuming that system strength follows a lognormal 
distribution. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 5.953 5.123 4.447 4.007 3.840 3.697 
0.625 5.665 4.899 4.262 3.845 3.686 3.551 
0.650 5.386 4.683 4.084 3.689 3.539 3.410 
0.675 5.113 4.474 3.912 3.539 3.397 3.275 
0.700 4.845 4.270 3.746 3.395 3.260 3.145 
0.725 4.583 4.071 3.584 3.254 3.128 3.019 
0.750 4.325 3.877 3.427 3.118 2.999 2.898 
0.775 4.071 3.686 3.273 2.986 2.875 2.780 
0.800 3.821 3.499 3.123 2.857 2.754 2.665 
0.825 3.574 3.315 2.976 2.731 2.635 2.553 
0.850 3.331 3.132 2.832 2.608 2.520 2.444 
0.875 3.091 2.952 2.690 2.488 2.407 2.338 
0.900 2.856 2.774 2.550 2.369 2.296 2.233 
0.925 2.626 2.596 2.411 2.253 2.188 2.131 
0.950 2.400 2.420 2.275 2.138 2.081 2.031 
0.975 2.179 2.245 2.139 2.025 1.976 1.933 
1.000 1.963 2.071 2.005 1.914 1.873 1.836 
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Table F-8 – Portal Frame PF2a: -s assuming that system strength follows a normal distribution. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 5.654 5.040 4.421 3.998 3.835 3.696 
0.625 5.392 4.825 4.240 3.838 3.683 3.550 
0.650 5.134 4.616 4.065 3.684 3.537 3.411 
0.675 4.882 4.412 3.896 3.536 3.396 3.277 
0.700 4.634 4.214 3.732 3.392 3.260 3.147 
0.725 4.390 4.021 3.572 3.253 3.129 3.022 
0.750 4.150 3.831 3.417 3.118 3.002 2.901 
0.775 3.914 3.645 3.265 2.987 2.878 2.784 
0.800 3.681 3.462 3.117 2.859 2.757 2.669 
0.825 3.451 3.281 2.971 2.734 2.640 2.558 
0.850 3.225 3.103 2.828 2.611 2.525 2.450 
0.875 3.002 2.926 2.687 2.492 2.413 2.344 
0.900 2.783 2.751 2.549 2.374 2.302 2.240 
0.925 2.567 2.578 2.412 2.258 2.194 2.138 
0.950 2.355 2.405 2.276 2.144 2.088 2.039 
0.975 2.147 2.234 2.142 2.032 1.984 1.941 
1.000 1.943 2.064 2.009 1.921 1.881 1.845 
 
Table F-9 – Portal Frame PF3: -s assuming that system strength follows a lognormal distribution. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 5.766 4.956 4.300 3.873 3.711 3.574 
0.625 5.473 4.730 4.113 3.710 3.557 3.427 
0.650 5.187 4.511 3.934 3.554 3.409 3.286 
0.675 4.908 4.299 3.760 3.403 3.267 3.150 
0.700 4.635 4.092 3.592 3.257 3.129 3.020 
0.725 4.365 3.889 3.428 3.116 2.996 2.893 
0.750 4.100 3.691 3.269 2.978 2.866 2.771 
0.775 3.839 3.496 3.113 2.845 2.741 2.652 
0.800 3.581 3.305 2.960 2.714 2.618 2.536 
0.825 3.326 3.115 2.811 2.587 2.499 2.423 
0.850 3.076 2.928 2.663 2.462 2.382 2.313 
0.875 2.829 2.742 2.518 2.339 2.267 2.205 
0.900 2.588 2.558 2.374 2.218 2.155 2.100 
0.925 2.351 2.374 2.232 2.100 2.045 1.996 
0.950 2.120 2.192 2.092 1.983 1.936 1.895 
0.975 1.894 2.010 1.952 1.867 1.829 1.795 
1.000 1.673 1.829 1.813 1.753 1.724 1.696 
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Table F-10 – Portal Frame PF3: -s assuming that system strength follows a normal distribution. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 5.535 4.894 4.281 3.868 3.709 3.573 
0.625 5.261 4.674 4.098 3.706 3.556 3.427 
0.650 4.994 4.461 3.920 3.551 3.409 3.287 
0.675 4.731 4.253 3.749 3.401 3.267 3.152 
0.700 4.472 4.050 3.582 3.256 3.130 3.022 
0.725 4.218 3.852 3.420 3.116 2.998 2.896 
0.750 3.967 3.657 3.262 2.979 2.869 2.774 
0.775 3.720 3.466 3.108 2.846 2.744 2.656 
0.800 3.476 3.277 2.957 2.717 2.622 2.540 
0.825 3.236 3.091 2.808 2.590 2.503 2.428 
0.850 3.000 2.907 2.662 2.465 2.387 2.318 
0.875 2.768 2.724 2.518 2.343 2.273 2.211 
0.900 2.539 2.543 2.375 2.223 2.161 2.106 
0.925 2.315 2.363 2.234 2.105 2.051 2.003 
0.950 2.094 2.183 2.095 1.989 1.943 1.901 
0.975 1.878 2.005 1.956 1.874 1.836 1.802 
1.000 1.666 1.828 1.819 1.760 1.731 1.704 
 
Table F-11 – Portal Frame PF3a: -s assuming that system strength follows a lognormal 
distribution. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 5.847 5.022 4.355 3.922 3.758 3.618 
0.625 5.555 4.796 4.169 3.759 3.604 3.471 
0.650 5.272 4.578 3.990 3.603 3.456 3.331 
0.675 4.994 4.366 3.817 3.452 3.314 3.195 
0.700 4.722 4.160 3.649 3.307 3.176 3.064 
0.725 4.455 3.959 3.486 3.166 3.043 2.938 
0.750 4.192 3.762 3.327 3.029 2.914 2.816 
0.775 3.933 3.568 3.172 2.895 2.789 2.697 
0.800 3.677 3.378 3.020 2.765 2.666 2.581 
0.825 3.425 3.190 2.871 2.638 2.547 2.469 
0.850 3.176 3.005 2.724 2.514 2.431 2.359 
0.875 2.931 2.821 2.580 2.392 2.317 2.252 
0.900 2.691 2.638 2.438 2.272 2.205 2.147 
0.925 2.456 2.457 2.297 2.154 2.095 2.044 
0.950 2.225 2.276 2.157 2.038 1.987 1.943 
0.975 2.000 2.096 2.019 1.923 1.881 1.843 
1.000 1.780 1.918 1.882 1.810 1.776 1.745 
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Table F-12 – Portal Frame PF3a: -s assuming that system strength follows a normal distribution. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 5.604 4.956 4.335 3.916 3.755 3.617 
0.625 5.333 4.737 4.152 3.755 3.602 3.471 
0.650 5.067 4.524 3.975 3.600 3.455 3.331 
0.675 4.807 4.318 3.804 3.450 3.314 3.197 
0.700 4.551 4.116 3.638 3.306 3.177 3.067 
0.725 4.299 3.919 3.477 3.165 3.045 2.941 
0.750 4.050 3.726 3.319 3.029 2.916 2.819 
0.775 3.806 3.536 3.166 2.897 2.791 2.701 
0.800 3.565 3.349 3.015 2.767 2.670 2.586 
0.825 3.327 3.164 2.868 2.641 2.551 2.474 
0.850 3.093 2.982 2.722 2.517 2.435 2.364 
0.875 2.862 2.801 2.579 2.396 2.322 2.257 
0.900 2.636 2.622 2.438 2.277 2.211 2.153 
0.925 2.413 2.443 2.298 2.159 2.101 2.050 
0.950 2.194 2.266 2.160 2.044 1.994 1.949 
0.975 1.980 2.090 2.023 1.930 1.888 1.850 
1.000 1.769 1.914 1.887 1.817 1.784 1.753 
 
Table F-13 – Portal Frame PF4: -s assuming that system strength follows a lognormal 
distribution. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 6.228 5.335 4.622 4.160 3.985 3.836 
0.625 5.943 5.113 4.438 3.998 3.831 3.689 
0.650 5.667 4.898 4.260 3.843 3.684 3.548 
0.675 5.397 4.690 4.089 3.693 3.542 3.413 
0.700 5.134 4.488 3.923 3.548 3.405 3.283 
0.725 4.876 4.291 3.762 3.408 3.273 3.157 
0.750 4.623 4.100 3.606 3.273 3.145 3.036 
0.775 4.374 3.912 3.454 3.141 3.021 2.918 
0.800 4.129 3.728 3.306 3.013 2.900 2.804 
0.825 3.887 3.547 3.160 2.889 2.783 2.692 
0.850 3.648 3.368 3.018 2.767 2.669 2.584 
0.875 3.413 3.192 2.878 2.647 2.557 2.478 
0.900 3.181 3.018 2.741 2.530 2.447 2.375 
0.925 2.952 2.846 2.605 2.416 2.340 2.274 
0.950 2.728 2.675 2.471 2.303 2.234 2.175 
0.975 2.508 2.504 2.339 2.192 2.131 2.078 
1.000 2.293 2.335 2.208 2.082 2.029 1.982 
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Table F-14 – Portal Frame PF4: -s assuming that system strength follows a normal distribution. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 5.909 5.245 4.593 4.149 3.979 3.832 
0.625 5.650 5.031 4.412 3.989 3.826 3.687 
0.650 5.397 4.824 4.237 3.835 3.680 3.547 
0.675 5.149 4.622 4.069 3.687 3.539 3.413 
0.700 4.906 4.426 3.906 3.544 3.404 3.283 
0.725 4.666 4.235 3.747 3.405 3.272 3.159 
0.750 4.430 4.048 3.593 3.271 3.145 3.038 
0.775 4.198 3.865 3.443 3.140 3.022 2.921 
0.800 3.969 3.685 3.296 3.013 2.902 2.807 
0.825 3.743 3.508 3.152 2.889 2.786 2.696 
0.850 3.521 3.333 3.012 2.768 2.672 2.588 
0.875 3.301 3.161 2.873 2.650 2.560 2.483 
0.900 3.085 2.990 2.737 2.533 2.451 2.380 
0.925 2.872 2.821 2.603 2.419 2.345 2.280 
0.950 2.663 2.653 2.470 2.307 2.240 2.181 
0.975 2.457 2.487 2.339 2.197 2.137 2.084 
1.000 2.254 2.321 2.209 2.088 2.036 1.989 
 
Table F-15 – Portal Frame PF4a: -s assuming that system strength follows a lognormal 
distribution. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 6.211 5.321 4.611 4.150 3.975 3.826 
0.625 5.926 5.099 4.426 3.988 3.821 3.679 
0.650 5.650 4.884 4.248 3.832 3.674 3.539 
0.675 5.380 4.676 4.077 3.682 3.532 3.403 
0.700 5.116 4.474 3.911 3.538 3.395 3.273 
0.725 4.858 4.277 3.750 3.398 3.263 3.148 
0.750 4.605 4.085 3.594 3.262 3.135 3.026 
0.775 4.355 3.897 3.442 3.131 3.011 2.908 
0.800 4.110 3.712 3.293 3.002 2.890 2.794 
0.825 3.867 3.531 3.148 2.878 2.773 2.683 
0.850 3.628 3.353 3.005 2.756 2.658 2.574 
0.875 3.392 3.176 2.865 2.636 2.546 2.468 
0.900 3.159 3.002 2.728 2.519 2.436 2.365 
0.925 2.931 2.829 2.592 2.404 2.329 2.264 
0.950 2.706 2.657 2.458 2.291 2.224 2.165 
0.975 2.486 2.487 2.325 2.180 2.120 2.067 
1.000 2.271 2.317 2.194 2.070 2.018 1.972 
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Table F-16 – Portal Frame PF4a: -s assuming that system strength follows a normal distribution. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 5.896 5.233 4.582 4.139 3.969 3.823 
0.625 5.637 5.019 4.401 3.979 3.816 3.677 
0.650 5.384 4.811 4.226 3.825 3.670 3.538 
0.675 5.135 4.609 4.057 3.676 3.529 3.403 
0.700 4.891 4.413 3.894 3.533 3.394 3.274 
0.725 4.651 4.222 3.735 3.395 3.262 3.149 
0.750 4.415 4.034 3.581 3.260 3.135 3.028 
0.775 4.182 3.851 3.431 3.129 3.012 2.911 
0.800 3.952 3.671 3.284 3.002 2.892 2.797 
0.825 3.726 3.493 3.140 2.878 2.775 2.686 
0.850 3.503 3.318 2.999 2.757 2.661 2.578 
0.875 3.283 3.145 2.860 2.638 2.550 2.473 
0.900 3.066 2.974 2.724 2.522 2.441 2.370 
0.925 2.853 2.805 2.590 2.408 2.334 2.270 
0.950 2.643 2.637 2.457 2.296 2.229 2.171 
0.975 2.436 2.470 2.325 2.185 2.126 2.074 
1.000 2.233 2.304 2.195 2.076 2.025 1.979 
 
Table F-17 – Portal Frame PF1: -s assuming that system strength follows a lognormal 
distribution and considering a nominal model with sectional imperfections. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 5.142 4.610 4.080 3.713 3.570 3.447 
0.625 4.862 4.392 3.900 3.555 3.420 3.304 
0.650 4.588 4.181 3.726 3.403 3.276 3.167 
0.675 4.320 3.975 3.558 3.256 3.137 3.034 
0.700 4.059 3.774 3.394 3.114 3.003 2.907 
0.725 3.803 3.577 3.234 2.975 2.872 2.783 
0.750 3.553 3.383 3.078 2.841 2.746 2.663 
0.775 3.310 3.193 2.926 2.710 2.623 2.546 
0.800 3.072 3.006 2.776 2.582 2.502 2.433 
0.825 2.841 2.821 2.629 2.457 2.385 2.322 
0.850 2.616 2.638 2.484 2.334 2.270 2.214 
0.875 2.397 2.458 2.342 2.213 2.158 2.108 
0.900 2.183 2.280 2.201 2.095 2.047 2.004 
0.925 1.975 2.103 2.062 1.978 1.939 1.902 
0.950 1.773 1.929 1.924 1.863 1.832 1.802 
0.975 1.576 1.757 1.787 1.750 1.727 1.704 
1.000 1.385 1.587 1.652 1.638 1.623 1.607 
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Table F-18 – Portal Frame PF2: -s assuming that system strength follows a lognormal 
distribution and considering a nominal model with sectional imperfections. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 5.829 4.984 4.313 3.880 3.717 3.577 
0.625 5.534 4.757 4.126 3.717 3.562 3.430 
0.650 5.246 4.536 3.945 3.560 3.413 3.289 
0.675 4.965 4.323 3.771 3.408 3.270 3.153 
0.700 4.689 4.114 3.602 3.262 3.132 3.021 
0.725 4.418 3.911 3.438 3.120 2.998 2.895 
0.750 4.151 3.712 3.277 2.982 2.869 2.772 
0.775 3.888 3.516 3.121 2.848 2.742 2.652 
0.800 3.627 3.323 2.967 2.717 2.619 2.536 
0.825 3.370 3.133 2.817 2.589 2.500 2.423 
0.850 3.116 2.944 2.669 2.463 2.382 2.312 
0.875 2.866 2.758 2.523 2.340 2.267 2.204 
0.900 2.620 2.572 2.379 2.219 2.155 2.099 
0.925 2.379 2.387 2.236 2.100 2.044 1.995 
0.950 2.143 2.203 2.095 1.983 1.935 1.893 
0.975 1.912 2.020 1.954 1.867 1.828 1.793 
1.000 1.687 1.838 1.815 1.752 1.722 1.694 
 
Table F-19 – Portal Frame PF3: -s assuming that system strength follows a lognormal 
distribution and considering a nominal model with sectional imperfections. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 5.736 4.934 4.281 3.857 3.696 3.559 
0.625 5.443 4.707 4.095 3.694 3.542 3.412 
0.650 5.157 4.488 3.915 3.537 3.394 3.271 
0.675 4.877 4.275 3.741 3.386 3.251 3.136 
0.700 4.603 4.068 3.573 3.241 3.113 3.005 
0.725 4.333 3.865 3.409 3.099 2.980 2.878 
0.750 4.068 3.667 3.249 2.962 2.851 2.756 
0.775 3.806 3.471 3.093 2.828 2.725 2.637 
0.800 3.547 3.279 2.940 2.697 2.602 2.521 
0.825 3.292 3.089 2.790 2.569 2.483 2.408 
0.850 3.041 2.901 2.643 2.444 2.365 2.297 
0.875 2.794 2.715 2.497 2.321 2.251 2.190 
0.900 2.552 2.530 2.353 2.201 2.138 2.084 
0.925 2.315 2.346 2.211 2.082 2.028 1.980 
0.950 2.084 2.163 2.069 1.964 1.919 1.879 
0.975 1.858 1.981 1.929 1.849 1.812 1.779 
1.000 1.637 1.799 1.790 1.734 1.706 1.680 
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Table F-20 – Portal Frame PF4: -s assuming that system strength follows a lognormal 
distribution and considering a nominal model with sectional imperfections. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 5.989 5.148 4.467 4.024 3.856 3.713 
0.625 5.702 4.925 4.283 3.862 3.702 3.566 
0.650 5.422 4.709 4.105 3.707 3.555 3.426 
0.675 5.149 4.500 3.933 3.557 3.413 3.290 
0.700 4.882 4.296 3.766 3.412 3.276 3.160 
0.725 4.620 4.097 3.604 3.271 3.144 3.034 
0.750 4.363 3.903 3.447 3.135 3.015 2.913 
0.775 4.109 3.713 3.294 3.003 2.891 2.795 
0.800 3.859 3.526 3.144 2.874 2.770 2.680 
0.825 3.612 3.342 2.997 2.748 2.651 2.568 
0.850 3.369 3.160 2.853 2.625 2.536 2.459 
0.875 3.130 2.980 2.711 2.505 2.423 2.353 
0.900 2.895 2.802 2.571 2.387 2.313 2.249 
0.925 2.664 2.625 2.433 2.270 2.204 2.147 
0.950 2.438 2.449 2.296 2.156 2.098 2.047 
0.975 2.217 2.275 2.161 2.043 1.993 1.948 
1.000 2.001 2.101 2.027 1.932 1.890 1.852 
 
Table F-21 – Portal Frame PF1: -s assuming that system strength follows a lognormal 
distribution and considering a nominal model without member imperfections. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 5.322 4.751 4.197 3.815 3.667 3.540 
0.625 5.045 4.534 4.018 3.658 3.518 3.397 
0.650 4.774 4.324 3.844 3.506 3.374 3.260 
0.675 4.509 4.120 3.677 3.359 3.235 3.128 
0.700 4.250 3.921 3.514 3.218 3.101 3.000 
0.725 3.997 3.726 3.355 3.080 2.971 2.877 
0.750 3.749 3.535 3.201 2.946 2.845 2.757 
0.775 3.507 3.347 3.049 2.816 2.722 2.641 
0.800 3.271 3.163 2.901 2.689 2.603 2.528 
0.825 3.041 2.981 2.756 2.565 2.486 2.418 
0.850 2.816 2.801 2.613 2.443 2.372 2.310 
0.875 2.598 2.623 2.473 2.324 2.261 2.205 
0.900 2.384 2.448 2.334 2.207 2.151 2.102 
0.925 2.177 2.274 2.197 2.091 2.044 2.001 
0.950 1.975 2.103 2.061 1.978 1.938 1.902 
0.975 1.778 1.933 1.927 1.866 1.834 1.805 
1.000 1.586 1.765 1.794 1.755 1.732 1.709 
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Table F-22 – Portal Frame PF2: -s assuming that system strength follows a lognormal 
distribution and considering a nominal model without member imperfections. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 6.232 5.297 4.571 4.106 3.931 3.782 
0.625 5.941 5.071 4.385 3.943 3.776 3.634 
0.650 5.659 4.853 4.205 3.786 3.627 3.493 
0.675 5.384 4.642 4.032 3.635 3.485 3.356 
0.700 5.116 4.437 3.864 3.489 3.347 3.225 
0.725 4.852 4.237 3.702 3.348 3.214 3.099 
0.750 4.594 4.042 3.544 3.211 3.085 2.976 
0.775 4.339 3.852 3.390 3.079 2.959 2.858 
0.800 4.087 3.664 3.239 2.949 2.838 2.743 
0.825 3.839 3.480 3.092 2.823 2.719 2.630 
0.850 3.593 3.298 2.948 2.700 2.604 2.521 
0.875 3.350 3.118 2.806 2.579 2.491 2.414 
0.900 3.110 2.941 2.666 2.461 2.380 2.310 
0.925 2.874 2.764 2.528 2.344 2.271 2.208 
0.950 2.641 2.588 2.392 2.230 2.165 2.108 
0.975 2.413 2.414 2.257 2.117 2.060 2.010 
1.000 2.189 2.240 2.123 2.006 1.956 1.913 
 
Table F-23 – Portal Frame PF3: -s assuming that system strength follows a lognormal 
distribution and considering a nominal model without member imperfections. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 5.800 4.983 4.322 3.892 3.730 3.591 
0.625 5.508 4.757 4.136 3.730 3.576 3.444 
0.650 5.223 4.539 3.956 3.573 3.428 3.303 
0.675 4.944 4.326 3.783 3.422 3.285 3.168 
0.700 4.671 4.119 3.615 3.277 3.147 3.037 
0.725 4.403 3.917 3.451 3.135 3.014 2.911 
0.750 4.139 3.720 3.292 2.998 2.885 2.788 
0.775 3.878 3.525 3.136 2.864 2.759 2.669 
0.800 3.621 3.334 2.984 2.734 2.637 2.553 
0.825 3.367 3.145 2.834 2.607 2.518 2.441 
0.850 3.117 2.958 2.687 2.482 2.401 2.331 
0.875 2.871 2.773 2.542 2.360 2.286 2.223 
0.900 2.629 2.589 2.399 2.239 2.174 2.118 
0.925 2.393 2.407 2.258 2.121 2.064 2.014 
0.950 2.162 2.225 2.117 2.004 1.956 1.913 
0.975 1.936 2.044 1.978 1.889 1.849 1.813 
1.000 1.715 1.864 1.840 1.775 1.744 1.715 
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Table F-24 – Portal Frame PF4: -s assuming that system strength follows a lognormal 
distribution and considering a nominal model without member imperfections. 
System Resistance Factor – s 
[-] 
System Reliability Index –  [-] 
Ln/Dn = 
0.25 
Ln/Dn = 
0.5 
Ln/Dn = 
1.0 
Ln/Dn = 
2.0 
Ln/Dn = 
3.0 
Ln/Dn = 
5.0 
0.600 6.310 5.400 4.676 4.208 4.030 3.879 
0.625 6.027 5.178 4.492 4.046 3.876 3.732 
0.650 5.751 4.964 4.314 3.890 3.729 3.591 
0.675 5.483 4.756 4.143 3.740 3.587 3.456 
0.700 5.221 4.555 3.978 3.596 3.450 3.326 
0.725 4.964 4.359 3.817 3.456 3.318 3.200 
0.750 4.713 4.167 3.661 3.321 3.190 3.079 
0.775 4.465 3.980 3.510 3.189 3.066 2.961 
0.800 4.222 3.797 3.362 3.062 2.946 2.847 
0.825 3.981 3.617 3.217 2.937 2.829 2.736 
0.850 3.744 3.440 3.075 2.815 2.714 2.628 
0.875 3.510 3.265 2.936 2.697 2.603 2.522 
0.900 3.279 3.092 2.799 2.580 2.494 2.419 
0.925 3.052 2.921 2.665 2.466 2.387 2.318 
0.950 2.829 2.752 2.532 2.353 2.282 2.219 
0.975 2.610 2.583 2.400 2.243 2.179 2.123 
1.000 2.395 2.416 2.270 2.134 2.077 2.027 
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APPENDIX G – RELIABILITY ANALYSIS OF CF PORTAL FRAMES 
UNDER COMBINED GRAVITY AND WIND LOADS 
 
This appendix provides further detail on the reliability analysis of CF portal frames under combined 
gravity and wind loads. 
 
Table G-1 presents the statistics of system strength (WR) for three levels of nominal load, the 
nominal system strength (Wn) for system resistance factors ranging from 0.6 to 1.0, the nominal 
wind load (WS) and the system resistance reliability (). 
 
 
  
 
Table G-1 – Reliability analysis for combined gravity and wind loads. 
  
WR 
 
Nominal 
    
Ws 
 
System Reliability 
 
Dn Mean CoV s Dno = 1.2 x Dn/s Wn0 Wn = s x Wn0 Wn/Dn Mean CoV 
 
[kN/m] [kN/m] [-] [-] [kN/m] [kN/m] [kN/m] [-] [kN/m] [-] [-] 
W
F
1
 
1.20 4.575 0.127 
1.0 1.44 4.451 4.451 3.709 2.671 0.46 1.653 
0.9 1.60 4.363 3.927 3.272 2.356 0.46 2.257 
0.8 1.80 4.268 3.414 2.845 2.049 0.46 2.997 
0.7 2.06 4.146 2.902 2.419 1.741 0.46 3.945 
0.6 2.40 3.971 2.383 1.986 1.430 0.46 5.262 
0.80 4.687 0.147 
1.0 0.96 4.681 4.681 5.852 2.809 0.46 1.535 
0.9 1.07 4.632 4.169 5.211 2.501 0.46 2.080 
0.8 1.20 4.567 3.654 4.567 2.192 0.46 2.763 
0.7 1.37 4.485 3.139 3.924 1.883 0.46 3.606 
0.6 1.60 4.363 2.618 3.272 1.571 0.46 4.740 
0.45 4.915 0.145 
1.0 0.54 4.897 4.897 10.883 2.938 0.46 1.547 
0.9 0.60 4.864 4.377 9.727 2.626 0.46 2.072 
0.8 0.68 4.821 3.857 8.571 2.314 0.46 2.727 
0.7 0.77 4.764 3.335 7.410 2.001 0.46 3.540 
0.6 0.90 4.719 2.831 6.292 1.699 0.46 4.542 
W
F
2
 
3.60 13.328 0.071 
1.0 3.24 11.9261 11.926 3.313 7.156 0.46 2.453 
0.9 3.60 13.582 12.224 3.396 7.334 0.46 2.287 
0.8 4.05 13.919 11.135 3.093 6.681 0.46 2.950 
0.7 4.63 14.169 9.918 2.755 5.951 0.46 3.884 
0.6 5.40 14.308 8.585 2.385 5.151 0.46 Inf 
1.80 10.602 0.105 
1.0 1.62 10.100 10.100 5.611 6.060 0.46 1.860 
0.9 1.80 10.273 9.245 5.136 5.547 0.46 2.340 
0.8 2.03 10.501 8.400 4.667 5.040 0.46 2.908 
0.7 2.31 10.813 7.569 4.205 4.541 0.46 3.571 
0.6 2.70 11.277 6.766 3.759 4.060 0.46 4.348 
1.00 9.546 0.107 
1.0 0.90 9.444 9.444 9.444 5.667 0.46 1.660 
0.9 1.00 9.534 8.580 8.580 5.148 0.46 2.158 
0.8 1.13 9.646 7.717 7.717 4.630 0.46 2.764 
0.7 1.29 9.791 6.854 6.854 4.112 0.46 3.494 
0.6 1.50 9.986 5.992 5.992 3.595 0.46 
 
W
P
F
3
 
1.80 7.410 0.056 
1.0 2.16 7.580 7.580 4.211 4.548 0.46 1.668 
0.9 2.40 7.546 6.791 3.773 4.075 0.46 2.395 
0.8 2.70 7.503 6.002 3.334 3.601 0.46 3.400 
  
0.7 3.09 7.446 5.212 2.896 3.127 0.46 4.785  
0.6 3.60 7.373 4.424 2.458 2.654 0.46 Inf  
1.20 7.498 0.048 
1.0 1.44 7.684 7.684 6.403 4.611 0.46 1.658  
0.9 1.60 7.661 6.895 5.746 4.137 0.46 2.371  
0.8 1.80 7.632 6.106 5.088 3.664 0.46 3.352  
0.7 2.06 7.595 5.316 4.430 3.190 0.46 4.652  
0.6 2.40 7.546 4.528 3.773 2.717 0.46 Inf  
0.80 7.569 0.054 
1.0 0.96 7.753 7.753 9.692 4.652 0.46 1.660  
0.9 1.07 7.737 6.964 8.705 4.178 0.46 2.368  
0.8 1.20 7.719 6.175 7.719 3.705 0.46 3.331  
0.7 1.37 7.694 5.386 6.732 3.232 0.46 4.619  
0.6 1.60 7.661 4.597 5.746 2.758 0.46 Inf  
W
F
4
 
2.40 11.388 0.161 
1.0 2.88 9.697 9.697 2.694 5.818 0.46 1.951  
0.9 3.20 9.595 8.636 2.399 5.182 0.46 2.420  
0.8 3.60 9.370 7.496 2.082 4.497 0.46 3.024  
0.7 4.11 9.186 6.430 1.786 3.858 0.46 3.692  
0.6 4.80 8.916 5.350 1.486 3.210 0.46 4.596  
1.80 11.697 0.180 
1.0 2.16 9.883 9.883 5.491 5.930 0.46 1.981  
0.9 2.40 9.811 8.830 4.906 5.298 0.46 2.439  
0.8 2.70 9.767 7.813 4.341 4.688 0.46 2.956  
0.7 3.09 9.636 6.745 3.747 4.047 0.46 3.616  
0.6 3.60 9.370 5.622 3.123 3.373 0.46 4.453  
1.00 11.838 0.172 
1.0 1.20 10.787 10.787 10.787 6.472 0.46 1.689  
0.9 1.33 10.712 9.641 9.641 5.784 0.46 2.127  
0.8 1.50 10.709 8.567 8.567 5.140 0.46 2.616  
0.7 1.71 10.404 7.283 7.283 4.370 0.46 3.318  
0.6 2.00 9.895 5.937 5.937 3.562 0.46 4.279  
1 – Change of failure criterion. 
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APPENDIX H – TRADITIONAL DESIGN OF THE STRUCTURES 
ANALYSED IN CHAPTER 7 
 
This appendix provides detail on the traditional component-based design approach of cold-formed 
steel structures applied to the examples studied in Chapter 7. 
 
H.1 STORAGE RACK FRAME FROM SECTION 7.1 
 
The geometry of the described rack frame is modelled using beam elements in software package 
CSI SAP2000. The sections of the members coincide with the ones described on Section 7.1.1 
except for the thickness of the cross-sections which varies for each design iteration. Material 
properties, linear semi-rigid behaviour of connections and loading are also incorporated in the 
model. 
The program has the ability to perform second-order elastic analysis to determine the internal 
forces acting in the components of the system based on the relevant load combination. 
As per Australian Standard AS4084, the relevant strength load combination for unweighted 
unit/pallet load is 1.3 Dn + 1.4 Ln and the associated design forces may then be compared with the 
member capacities determined in accordance with the same specification. 
Below follows the results of the structural analysis and design verification for the final design 
iteration: 1.9 mm thick uprights and 0.9 mm thick beams. 
 
 
Figure H-1 – Axial force diagram for 1.3 Dn +1.4 Ln. 
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Figure H-2 – Shear force diagram for 1.3 Dn +1.4 Ln. 
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Figure H-3 – Bending moment diagram for 1.3 Dn +1.4 Ln. 
 
According to Figures H-1 to H3, the maximum forces/moments for the load combination1.3 Dn + 
1.4 Ln are: 
M*upright =1.39 kNm (outer upright)/0.18 kNm (inner upright), V*upright = 0.72 kN and 
N*upright = -28.40 kN (outer upright)/-56.02 kN (inner upright) and M*beam = -1.39 
kNm/+1.85 kNm, V*beam = 5.69 kN and N*beam = -1.20 kN. 
 
Table H-1 indicates the geometric properties of the 1.9 mm thick uprights and 0.9 mm thick 
beams as per Australian Standard AS4084. 
 
Table H-1 – Geometric properties of the members of the rack frame. 
 Upright (u) Beam (b) 
Q-factor 0.90 1.0 
Ze [x 103 mm3] 14.20 (=Znet × (0.5+Q/2) - 
Zf  [x 103 mm3] 16.52 8.95 
Zc [x 103 mm3] 
 Zc (fc) = Znet × (1-(1-Q)/2 × 
(fc/fy)^Q) 
- 
Ae [x 103 mm2] 
Ae (fn) =Anet,min × (1-(1-Q) × 
(fn/fy)^Q) 
- 
Lex [mm] 1800 (=L) 1840 (=0.85L) 
Ley [mm] 1150 (=Lcross-aisle bracing) 2300 (=L) 
Lez [mm] 1150 (=Lcross-aisle bracing) 2300 (=L) 
 
Flexural Capacity 
Upright: 
(i) kNmfZM yeus 26.43001020.14
3
,    kNmMkNmM usb 39.1*84.326.49.0,    
(ii) kNmfZM ccub 49.43001095.14
3
,   kNmMkNmM ubb 39.1*04.449.49.0,   
kNmM FTo 8.42,   (from Thin-Wall Buckling Analysis)   34.0
,
, 
FTo
y
FTb M
M
 
MPaffMM ycyFTc 300,   
kNmM do 5.12,   (from Thin-Wall Buckling Analysis)  60.0
,
min,
, 


do
ynet
db M
fZ
 
MPaffMM ycydc 300,   
 
Beam: 
Using the direct strength method, 
(i)   kNmMkNmMkNmMMMM bbbbdblbebb 89.1*42.269.29.069.2,,min ,,    
kNmfZM yfy 69.23001095.8
3   
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kNmM LTo 8.10,   (from Thin-Wall Buckling Analysis)  kNmMM ybe 69.2  
kNmMol 8.8  (from Thin-Wall Buckling Analysis)  55.0
ol
be
l M
M
   kNmMM bebl 69.2  
kNmMod 1.9  (from Thin-Wall Buckling Analysis)  544.0
od
y
d M
M
   kNmMyMbd 69.2  
 
Axial Compression Capacity 
Upright: 
(i) kNfAN yeus 3.1503001.501,    kNmNkNmN usc 2.56*8.1273.15085.0,   
(ii) kNNNN dcFTcuc 68.82),min( ,,,   kNNkNN ucc 2.56*3.707.8285.0,   
MPaf FToc 2.210,   (from Thin-Wall Buckling Analysis)   19.1
,
, 
FToc
y
FTc f
f
 
MPaff y
FTc
n 165658.0
2
, 

  kNfAN neFTc 68.821651.501,   
MPaf
od
422  (from Thin-Wall Buckling Analysis) 
  kN
f
f
fAN
od
y
y
netdc 3.1314224
30013002.532
4
1min,, 






  
Beam: 
Using the direct strength method, 
(i)   kNNkNNkNNNNN bcccdclcebc 20.1*8.290.3485.00.34,,min ,,    
kNAfN yy 8.88300296   
kNNoc 7.39  (from Thin-Wall Buckling Analysis)  50.1
oc
y
c N
N
 kNNN y
c
ce 6.34658.0
2

  
kNNol 5.54  (from Thin-Wall Buckling Analysis)  80.0
ol
ce
l N
N
  
kNN
N
N
N
N
N ce
ce
ol
ce
ol
cl 0.3415.01
4.04.0



















  
kNNod 7.70  (from Thin-Wall Buckling Analysis)  12.1
od
y
d N
N
  
kNN
N
N
N
N
N y
y
od
y
od
cd 6.6025.01
6.06.0




















  
Combined axial compression and bending 
Upright: 
(i)  0.1844.0
0.149.49.0
18.00.1
7.8285.0
2.56
0.1
**






nxbb
mx
cc M
MC
N
N

 for inner upright 
 0.1748.0
0.149.49.0
39.10.1
7.8285.0
4.28
0.1
**






nxbb
mx
cc M
MC
N
N

 for outer upright 
(ii)  0.1484.0
49.49.0
18.0
3.15085.0
2.56
0.1
**





bbsc M
M
N
N

for inner upright 
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0.1566.0
49.49.0
39.1
3.15085.0
4.28
0.1
**





bbsc M
M
N
N

for outer upright 
0.1mxC  
0.1nx  
Beam: 
(i)  0.1806.0
69.29.0
85.1
0.3485.0
2.1
0.1
**





bbcc M
M
N
N

 
 
Since both members comply with the strength safety checks, the structure is deemed safe as per 
AS4084. It is worthwhile to emphasise that the bending moment at the connections is also below 
their capacity as per cantilever test. 
 
H.2 COLD-FORMED STEEL PORTAL FRAME FROM SECTION 7.2 
 
The process replicates the one mentioned on Section H.1 but adapted to the cold-formed steel 
portal frame described in Section 7.2 and 7.2.1. 
As per Australian Standard AS1170.0, the relevant strength load combinations include 1.2 Dn + 
1.5 Ln for gravity loads only and 1.2 Dn + Wn for gravity and wind loads. The associated design 
forces may then be compared with the member capacities determined in accordance with 
Australian Standard AS4600. 
The presented results and verifications correspond to the final design iteration: 2.6 mm thick 
columns and 2.0 mm rafters. 
 
 
 
 
 
a) 
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b) 
Figure H-4 – Axial force diagram for: a) 1.2 Dn +1.5 Ln and b) 1.2 Dn + Wn. 
 
 
a) 
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b) 
Figure H-5 – Shear force diagram for: a) 1.2 Dn +1.5 Ln and b) 1.2 Dn + Wn. 
 
a) 
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b) 
Figure H-6 – Bending moment diagram for: a) 1.2 Dn +1.5 Ln and b) 1.2 Dn + Wn. 
 
Directly from figures H-4 to H-6, the maximum design forces/moments are: 
- For 1.2 Dn + 1.5 Ln, M*rafter = -38.51 kNm/+30.15 kNm, V*rafter = 21.47 kN and N*rafter = -19.89 
kN and M*column = -38.51 kNm/+24.14 kNm, V*column = 12.88 kN and N*column = -26.28 kN. 
- For 1.2 Dn + Wn, M*rafter = -35.18 kNm/+56.23 kNm, V*rafter = 28.15 kN and N*rafter = +23.82 kN 
and M*column = -66.08 kNm/+56.23 kNm, V*column = 41.15 kN and N*column = +32.73 kN. 
 
Table H-2 indicates the geometric properties of the 2.6 mm thick columns and 2.0 mm thick 
rafters as per Australian Standard AS4600. 
 
Table H-2 – Geometric properties of the members of the rack frame. 
 Column (c) Rafter (r) 
Zf  [x 103 mm3] 177.2 196.8 
A [mm2] 2313 2152 
Lex [mm] 4800 (=Lc) 5950 (=0.85Lr) 
Ley [mm] 800 (=Lc,out-of-plane bracing) 700 (=Lr,out-of-plane bracing) 
Lez [mm] 800 (=Lc,out-of-plane bracing) 700(=Lr,out-of-plane bracing) 
 
Flexural Capacity 
Column: 
Using the direct strength method, 
(i)   kNmMkNmMkNmMMMM cbbbdblbecb 1.66*4.713.799.03.79,,min ,,    
kNmfZM yfy 6.88500102.177
3   
kNmM LTo 8.874,   (from Thin-Wall Buckling Analysis)  kNmMM ybe 8.88  
kNmMol 2.207  (from Thin-Wall Buckling Analysis)  655.0
ol
be
l M
M
   kNmMM bebl 8.88  
kNmMod 0.133  (from Thin-Wall Buckling Analysis)  816.0
od
y
d M
M
  
kNmM
M
M
M
M
M y
y
od
y
od
bd 3.7922.01
5.05.0




















  
 
Beam: 
Using the direct strength method, 
(i)    kNmMkNmMkNmMMMM bbbbdblbebb 18.35*6.457.509.07.50,,min ,, 
   
  kNmMkNmMkNmMMMM bbbbdblbebb 23.56*5.669.739.09.73,,min ,, 
   
kNmfZM yfy 4.98500108.196
3   
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kNmM
LTo
7.50
,
  (from Thin-Wall Buckling Analysis)  kNmMM LTobe 7.50,   
kNmM
LTo
1000
,
  (from Thin-Wall Buckling Analysis)  kNmMM ybe 4.98  
kNmM
ol
9.89  (from Thin-Wall Buckling Analysis)  751.0
ol
be
l M
M
   kNmMM bebl 7.50
  
kNmM
ol
9.89  (from Thin-Wall Buckling Analysis)  046.1
ol
be
l M
M
  
kNmM
M
M
M
M
M be
be
ol
be
ol
bl
2.8115.01
4.04.0



















  
kNmM
od
7.88  (from Thin-Wall Buckling Analysis)  053.1
od
y
d M
M
  
kNmM
M
M
M
M
M y
y
od
y
od
bd 9.7322.01
5.05.0




















  
 
Axial Compressive Capacity 
Column: 
Using the direct strength method, 
(i)   kNNkNNkNNNNN ccccdclcecc 3.26*4.1730.20485.00.204,,min ,,    
kNAfN yy 11575002313   
kNNoc 233  (from Thin-Wall Buckling Analysis)  23.2
oc
y
c N
N
 kNNN y
c
ce 0.204
877.0
2 









 
kNNol 826  (from Thin-Wall Buckling Analysis)  50.0
ol
ce
l N
N
   kNNN cecl 0.204  
kNNod 892  (from Thin-Wall Buckling Analysis)  14.1
od
y
d N
N
  
kNN
N
N
N
N
N y
y
od
y
od
cd 1.77825.01
6.06.0




















  
Beam: 
Using the direct strength method, 
(i)   kNNkNNkNNNNN bcccdclcebc 9.19*8.42049585.0495,,min ,,    
kNAfN yy 10765002152   
kNNoc 1440  (from Thin-Wall Buckling Analysis)  864.0
oc
y
c N
N
 kNNN y
c
ce 786658.0
2

  
kNNol 327  (from Thin-Wall Buckling Analysis)  550.1
ol
ce
l N
N
 
kNN
N
N
N
N
N ce
ce
ol
ce
ol
cl 49515.01
4.04.0



















  
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kNNod 8.444  (from Thin-Wall Buckling Analysis)  555.1
od
y
d N
N
  
kNN
N
N
N
N
N y
y
od
y
od
cd 1.54025.01
6.06.0




















  
Combined axial compression (or tension) and bending 
Column: 
(i)  0.1694.0
3.799.0
5.38
20485.0
8.26
0.1
**





bbcc M
M
N
N

  
 (ii)  0.1895.0
3.799.0
1.66
11579.0
7.32
0.1
**





bbtt
t
M
M
N
N

 
 
Beam: 
(i)  0.1626.0
9.739.0
5.38
49585.0
9.19
0.1
**





bbcc M
M
N
N

  
 (ii)  0.1823.0
9.739.0
3.56
10769.0
8.23
0.1
**





bbtt
t
M
M
N
N

 
 
Since both members comply with the strength safety checks, the structure is deemed safe as per 
AS4600. It is worthwhile to emphasise that connections are assumed to have enough capacity to 
comply with the safety checks. 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
End of Appendices 
